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Abstract
Previous assessment of the validity of an approximate 
force field has been based upon the accuracy with which 
it reproduced the observed frequencies, Phis is 
considered to be unsatisfactory, Phe present work 
compares the approximate force field with the harmonic 
general force field, which is regarded as the most 
precise description of intramolecular forces.
As a preliminary to this, it has been necessary to 
review both,the methods available for force field 
calculation, and the different approximate force 
fields in current use, A consistent set of frequency 
data and molecular parameters have been compiled, 
and used to calculate general and approximate force, 
fields for thirty three molecules of types XYg bent,
XX^ pyramidal and XY^ tetrahedral.
Finally, the comparison has revealed that two 
approximate force fields (Fadini*s Stepwise Coupling 
and Nearest Solution Methods), provide a consistently 
good estimate of the harmonic general force field, 
and can therefore be recommended for general use.
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CHAPTER 1 Introduction
1p1 Phe FG Matrix Method
For many years, the vibrational frequencies of polyatomic 
molecules have been calculated using the methods of classical 
dynamics; for this purpose, molecules are regarded as 
collections of point masses (atoms), connected by massless 
springs (bonds). Early workers represented the equations of 
motion and the resulting secular equations in expanded form, 
which made calculations for molecules, larger than triatomic, 
extremely cumbersome. Later, a more convenient and elegant 
representation of the problem became available, with the 
introduction of the FG matrix method of Wilson (1). Because 
of its power and simplicity, this method soon became widely 
used, and a full treatment, presented later (2), is now a 
standard reference for calculations concerned with molecular 
vibrations. Consequently, although it is convenient to 
summarise the notation of the FG method here, the reader is 
directed to the standard text quoted above (2) for its 
justification. For a molecule of N atoms, there are 
3N - 6 = n normal modes of vibration (3H-3  for linear 
molecules), which require n independent coordinates for their 
description. Using internal coordinates (i.e. changes in 
bond lengths and bond angles), the kinetic and potential 
energies of vibration are given by:
2P = r "^ G~^ R 1.1
2V = R*^  F R 1.2
See (5) P 75
where the superscript t denotes the transpose of the matrix.
R is a column matrix of n internal coordinates
G the kinetic energy matrix, can be constructed using the
masses of the constituent atoms, and the geometry of the 
molecule. It is an nXn symmetric, non-diagonal matrix.
P the force constant matrix for internal coordinates, is
also an nxn symmetric, non-diagonal matrix. It will be 
dealt with more fully in section 1 .2
Substitution of these expressions into the equations of 
motion
à  ( è r  ] +  ^ . 0 1 .5
dttI I I ]  + 1 1 1 ]à j  \ cirJ
where i = 1 ,2 ,5 o».... n 
leads to the matrix equation
G F I = L A  1.4
where TV is the nXn diagonal matrix of normal frequencies
Given G and F the solution to this equation is unique for 
both L and/V . Consequently, not only are the normal 
frequencies calculable, but the form of the normal vibrations 
can be derived, since I is an nxn non-symmetric non-diagonal 
matrix, which relates the normal coordinates ^ to the 
internal coordinates.
R = I S 1-5
Phe significance of the L and g matrices can be readily 
appreciated, when it is realised that L transforms R into 
a set of coordinates C^, in which both the kinetic and 
potential energies of vibration, are the sum of quadratic 
terms only.
2T " E g 1 .6
2V = 1.7
In this new set of coordinates, G becomes the unit matrix E 
E = G"'' 1 ; G = L 1.8
while F is transformed into the A  matrix:
A  = E i ; E = A  1~'' 1.9
Phe problem can be further simplified by transforming to 
symmetry coordinates*
B = Ü R 1 ,1 0
in which both G and F are blocked out identically:
h 0
0 / 2
1.11
^1 0
0
1.12
Phe complexity of the problem is thus reduced, depending on 
the symmetry of the molecule, so that the solution of the 
original matrix equation can be obtained by solving several
* See (2) P 115
equations of lower order. In this case
^  ^  = 0^1 yi/j ^  %  (^2
instead of 
where
G F L = L
1 . 2  A
0
0
= U L 1.13
The remaining relationships in symmetry coordinates are
2V = s'^  ^  s 1.14
2T - ' t i t 1.13
S 1.16
1.17
1.18
The method outlined, allows the calculation of the normal 
frequencies and the form of the normal modes, knowing the 
G and F matrices. However, in practice, it is the G and ..A 
matrices which are known, and the F and L matrices which 
must be calculated. The methods available for performing this 
inverse calculation, are dealt with in Chapters 2 and 3, 
while the meaning to be attached to such solutions, once 
obtained, will now be considered.
1.2 The Significance of the F matrix
The vibrational potential energy of the molecule can be 
expressed as a power series in the all derivatives being 
evaluated at the equilibrium configuration:
/ \ / -\ 2 \V = Vq + ) I  \ JL tJ-\ j à V \Rj^ Rj + Higher terms 1.19dV R. + _ I cJ  \ . l
" ' ' i ' *-
By defining the energy of the equilibrium configuration as 
the zero of energy, becomes equal to zero. In addition, 
if all R. are independent, then all / ^  \ are also equal
to zero, since the term ’equilibrium configuration’ implies 
that V is a minimum with respect to all the R^  ^coordinates* 
For sufficiently small displacements, all higher terms can be 
ignored, so that
n
/ ^ij ^i^j where f . . =/ è V \ 1.20
W  lo
Clearly, the f.^ are the elements of the F matrix discussed 
in the previous section, and are known as the quadratic 
force constants. The use of such an expression for V is 
valid, only when the molecular vibrations are truely 
harmonic.
Thus in the case of a molecule whose vibrations are 
harmonic, the GF method will produce an F matrix whose 
elements are identical to the f . . of the Taylor expansion. 
Within this framework, the F matrix has physical significance 
to the chemist; for example, thejdiagonal force constants can 
be directly related to other molecular quantities (270). In 
practice, however, molecular vibrations are never truely 
harmonic, so that calculations using observed frequencies 
will yield an F matrix, whose elements bear no clear 
relationship to the f_• of the Taylor expansion. In view of4-<Jthis, great care must be taken when interpreting such an F
matrix. In the case of real molecules, therefore, the f ..1 jcan only be obtained by correcting the observed frequencies 
for anharmonicity and using these harmonic frequencies in 
the calculation. The cubic and quartic terms•in the Taylor 
expansion can be calculated from the anharmonicity corrections 
The calculation of the harmonic frequencies from the 
observed frequencies is dealt with in Chapter 4.
1 ,3 Problems in the Calculation of the f  ^.•^ 1
In principle, then, methods are available for calculating 
a full set of m meaningful quadratic force constants (i.e. 
the general force field derived from harmonic frequencies - 
hereafter designated HGPP), In practice, for real molecules, 
a lack of data has meant that the HGFF is calculable for only 
a limited number of small molecules* The deficiency in data 
is of two types:
(i) For many molecules, sufficient data is available to obtain 
a unique solution for F (see (ii) below), but at present 
there is no possibility of making accurate correction for 
anharmonicity. In these cases, it has been common practice
to carry out the calculation using enharmonic frequencies, 
the result being refered to hereafter as the enharmonic 
general force field (AGFF), As it was pointed out earlier, 
it is not possible to derive an expression relating this 
force field to the HGFF, although the empirical values of 
the two fields may be fortuitously similar.
(ii) For most molecules, the only data available for the
calculation is the set of n enharmonic frequencies, which is
insufficient to specify uniquely all the elements of the
general force field (this is explained in more detail in
section 2,1). In these cases, the problem can be made
determinate, either by reducing the number of f^j, so that
it is less than or equal to n, or by introducing (m-n)
independent relationships between the f . (n is the number*■ dof frequencies, and m the number of f^j in the general force 
field). This approach can also be used when harmonic
7
frequencies are available, but whether calculated from 
harmonic frequencies (harmonic approximate force field HAFF), 
or anharmonic frequencies (anharmonic approximate force field 
AAFF), the resulting F matrix cannot be related to the HGFF 
analytically.
For the vast majority of molecules, therefore, there is 
currently no possibility of calculating accurate values for 
the f,. Consequently, it has become common practice to
-J- dcalculate one of the above approximate force fields (AGFF, 
HAFF,AAFF) on the principle that approximate values are 
better than none. However, for these approximate force fields 
to be of any real value, it is necessary to know by how much 
they deviate from the HGFF (172), In the past, a measure of 
this deviation has been the frequency variance
n .
1.21
Unfortunately, it has not been generally recognised, that 
this criterion assumes a high, positive correlation between 
the variance and the validity of the approximate force 
field (i.e. its closeness to the HGFF). Such a relationship 
cannot exist, because as Chapter 5 shows, there are an 
infinite number of approximate force fields which have zero 
variance. Clearly, the variance is not a satisfactory 
measure of the deviation of an approximate force field from 
the HGFF.
The most obvious and straightforward criterion of validity 
is the quantity defined by
Dff = 1 'd I (F? - E^)X 100/ F? I 1.22ffl.
. 1where m is the number of force constants in the HGFFTJFj^  are the HGFF force constants 
F^ are the approximate force constants
which so far has been used only once (4), but has the 
advantage that it involves no assumptions. Its main
8
disadvantage is that the assessment of the validity of an 
approximate force field requires the HGFF, and if this were 
available, then an approximate force field would not be 
necessary. However, a thorough empirical investigation of 
various force fields, for a large number of molecules whose 
HGFF is available, using this criterion of validity, would 
indicate if there is any point in calculating these 
approximate force fields. Further, such a study may lead to 
the specification of a small number of force fields which are 
consistently valid for many molecules of different types.
These could then be recommended as satisfactory approximations 
for use in circumstances when the HGFF is incalculable. This, 
broadly speaking, is the aim of the present work.
1.4 The Scope of the Present Work
The work carried out in persuance of this aim, falls into 
three parts, and is presented in the Chapters indicated:
(a) Chapters 2 and 3
The methods available for the calculation of all types of 
force fields, together with the different approximate force 
fields currently in use, have been reviewed. This information 
forms the basis of the investigation, and is necessary to 
make the calculations of Chapter 5 intelligible. For this 
reason, it has been retained, even though sections 2 ,1 and 3 .2  
are covered in a recent review by Duncan (270), and an outline 
of section 3.3 provided by Muller et al. (271),
(b) Chapters 4,3 and 6
A compilation of recent data has been made for all XY^ 
molecules (n = 2,3,4) whose HGFF is calculable, and a large 
number of different types of force fields has been calculated 
from it. Programmes which have been written to perform these 
calculations are outlined, together with an indication of
how the output from each has been treated. The force fields 
are presented in full. (Since frequency data was available, 
a study of some much used approximate corrections for 
anharmonicity has been made;it is included in this section 
for convenience).
(c) Chapter 7
The approximate force fields have been analysed and 
interpreted in terms of the force field deviation with
a view to answering three specific questions
(i) Does the difference between the AGFF and the HGFF 
decrease in some regular manner, as the harraonicity in the 
molecular vibrations decreases? If so, then the HGFF may be 
predicted accurately from the AGFF.
(ii) Does any type of HilFF consistently provide a good 
approximation to the HGFF?
(iii) Does any type of AAFF consistently provide a good 
approximation to the HGFF? A relationship of this kind, if 
confirmed, is perhaps the most useful, because, for the 
vast majority of molecules, the data available is only 
sufficient to calculate an AAFF.
10
CHAPTER 2 The Calculation of the General
Force Field
2.1 Fixing the Force Field
2.1o1 Extra Data Required
The basic equation
G F L = Lyy 2.1
provides a set of n equations relating the m unknown 
elements of the F matrix to the n frequencies, set on the 
diagonal of A, Now F is symmetric, so the value of m is 
n/2(n+1). Thus for all values of n, except for n=1, m is 
greater than n, and consequently F is indeterminate i.e. 
there are an infinite number of F matrices which perfectly 
reproduce the 4* matrix. A unique solution for all the 
elements of F is possible, only if there are n/2(n-1) 
extra measurable observables, directly related to the F-^., 
but independent of the vibrational frequencies. The same 
argument applies when symmetry coordinates are employed, 
but in this case, n is the order of the symmetry block under 
consideration.
In all molecules to be dealt with in this work, the 
largest number of vibrations in a symmetry class is two.
The problem here reduces to the calculation of three F 
matrix elements from two vibrational frequencies. The 
infinite number of F matrices which reproduce the frequencies 
perfectly, can be displayed graphically in two ways:
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(i) By substituting a range of values for into the 
relevant equations (9 2,9 7,130-152), and plotting the resulting 
values of F^ xj and Fg2 against F^^»
(ii) By plotting F^^, F^g, and F^g against A, using the
parametric form of the F matrix discussed more fully in 
section 3*3 .2 :
I = G"^’ 2 .2
where Y = cosA -sinA
sinA cosA
To determine which of this set of mathematical solutions 
corresponds to the correct F matrix, only one extra 
relationship is necessary. In recent years, the number of 
sources of this extra piece of data has increased rapidly, 
although all sources are not equally valuable. Each will be 
briefly summarised below, and its effectiveness in 
determining the force field will be discussed in section 2 .1 .2 . 
Examples are drawn from n=2 cases, although the principles 
outlined can be extended to higher orders.
(a) Isotopic frequencies
For many years, the only extra data available were the 
vibrational frequencies - or the isotopic shifts (63,65,31,
3 2) of the isotopically substituted molecule, whose force 
field is the same as the parent molecule’s, but whose G and 
A  matrices differ. Superficially, it may be expected that 
every isotopically substituted molecule would provide an 
extra n equations. Unfortunately, this is not always true, 
since the position of substitution can sometimes affect the 
number of isotopically shifted frequencies. For example, if 
if an atom takes no part in a particular vibration, then 
substitution cannot alter that frequency. Even if the 
position of substitution is chosen so that all frequencies 
are shifted, the resulting n equations, although different, . 
are not independent of those provided by the parent molecule, 
being related by various product rules (3). The effect of 
these is to reduce the number of extra relationships produced
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by each isotopically substituted molecule. Thus, for n=2, 
one substitution can provide one extra independent equation 
only; while for increasingly higher orders, the number of 
isotopically substituted molecules required to fix the force 
field, rises dramatically (6,7,202),
(b) Coriolis Coupling Constants
For some molecules, as many as two measurable Coriolis 
coupling constants (zeta coefficients) can be related to the 
force constants in the same n=2 symmetry species. However, 
the use of these relationships suffers from two disadvantages. 
Firstly, the equations which have been derived (8) take no 
account of anharmonicity, so that the zetas which should 
strictly be used in determining the force field, differ 
from the experimental values, by an unknown amount G 7?)* The- 
second difficulty is associated with the accurate 
measurement of the Coriolis constants themselves. For the 
most part, accurate determination is limited to very light 
spherical and symmetric top molecules. For these, the 
rotational lines on the vibrational band can be resolved, 
and the equations, which relate their separation to the 
zetas, hold almost exactly for spherical tops (253) and with 
only a slight loss of accuracy for symmetric tops (236),
For heavier spherical and symmetric tops, where rotational 
lines cannot be resolved, an estimate of the zeta coefficients 
can be made from the P-R separation in the infra-red (9,10, 
149) and the OP-RS separation in the Raman (11,12),
Comparison of the zeta values calculated in this manner, with 
those obtained from a rotational fine structure analysis, 
indicates that the approximate method is acceptable, although, 
as expected, much less accurate (11,244,148),
For small asymmetric top molecules, the Coriolis constants 
can be calculated reliably if the ground and excited state 
inertia defects can be determined from the pure rotational 
spectrum (13,14,199). However, for most molecules, only the 
ground state inertia defect is available. In these cases, 
calculation of the zetas requires the use of the sum rules 
(1 3)j and the final values are much less accurate (14),
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(o) Centrifugal Distortion Constants
The first few lines of a rotational spectrum can be 
explained by assuming that the molecule is a rigid rotor, 
which corresponds to the inclusion of only terms in the 
rotational Hamiltonian. For a satisfactory analysis of the 
higher transitions, however, P^ (J<25), P^ (J< 43), and P^ 
(J> 4 3) terms must be introduced to account for the departure 
of the spectrum from the rigid rotor approximation (16). The 
first centrifugal distortion analysis (1?) included only P^ 
and P^*" terms, and showed that the energy levels could be 
expressed in terras of six quartic distortion constants ( 7'"' 
tau) for asymmetric top molecules, three for symmetric top 
molecules, and one for linear and spherical top molecules. 
These taus are directly related to the compliance constants
Unfortunately, this treatment was shown to be incorrect for 
asymmetric top molecules (18) when it was pointed out that 
only five of the taus are independent. Consequently, for these 
molecules, although the rotational spectrum may be derived 
unambiguously from the six taus, the reverse calculation is 
indeterminate. This explains why many workers have found the 
tau values to be insensitive to the position of the rotational 
lines. To remedy this unsatisfactory state of affairs, a 
different analysis was published (19) by Watson, involving 
five uniquely determinable parameters, from which the Wilson 
tau values, and hence the force constants, may be derived.
It can be seen from this, that all the centrifugal distortion 
constants calculated for asymmetric top molecules, using 
Wilson's analysis (17) are invalid, and consequently cannot 
be used for determining the force field.
IVhichever analysis is employed, the quantities _derived for 
most molecules are ground state, not equilibrium, values. In 
addition, neither method makes any allowance for anharmonicity 
which would involve the introduction of P^ (205) and P^
(204) terms into the Hamiltonian.
(d) Mean Square Amplitudes
The harmonic frequencies are related to the mean square
amplitudes for bonded atoms ^n
14
2' directly, and more
approximately to the mean square amplitudes for the non- 
bonded atoms q^ , by expressions involving elements of the 
L matrix. If the F matrix is assumed, then the corresponding 
L matrix can be used to calculate these quantities, for 
comparison with the experimental values, obtained from electron 
diffraction measurements. Iterative refinement (section 2.2) 
allows an F matrix to be calculated which is compatible with 
both the frequency and mean square amplitude data.
The whole calculation can be performed neatly by using the 
formalism developed by Oyvin (22), which parallels very 
closely the GF matrix method:
2 .4.
wher. = ^ n m = K ] H
^ h  2^ ) = 0
8TT‘^ \ 2kT /
(e) Raman Intensities
Relative Raman intensities can be related to the elements 
of the L matrix, via , the derivatives of the invariants 
of the polarisability with respect to the normal coordinates 
(23). The F matrix can be obtained, merely by substituting 
into equation 2.3» Apart from the difficulty in measuring 
intensities accurately, the use of this method to determine 
the force field suffers from two disadvantages. Firstly, the 
theory linking the intensities to L is very approximate; and 
secondly, there is more than one solution (for XY^ there are 
four) as a result of sign ambiguities in
2.1.2 The Effectiveness of Extra Data
It is generally agreed that the F matrices calculated using 
mean square amplitudes and relative Raman intensities as 
constraints, are broadly consistent with those determined
15
from other data (21,24).They are also useful for deciding 
between two equally likely force fields (25-2 9, see section 
2.2.2). However, the approximate theory of intensities, and 
the inadequate experimental refinement in the measurement of 
mean square amplitudes, prevents them from being accepted 
as accurate methods for fixing the force field.
The value of centrifugal distortion data is less easily 
assessed. If the distortion constants are determined uniquely 
(see section 2 .1 .1 (c)), then the only errors are due to the 
neglect of the effects of zero point vibrational energy, and 
anharmonicity (16,34,35,37), A limited study (16) indicated 
that this defect of the theory leads to errors in the force 
field, which are an order of magnitude larger than errors 
due to the inaccuracies in the measurement of the tau s. In 
addition, the order of magnitude of the distortion constants 
is determined by the moments of inertia of the molecule, as 
well as its force field. Consequently, except for small 
molecules, the taus may be insensitive to changes in the 
force constants, and therefore ineffective as a constraint 
on the force field (270).
The ability of the two remaining constraints - isotopic 
frequencies and Coriolis constants - to provide an accurate 
method of determining the force field, is not seriously 
questioned. However, the relative merits of each have been 
the subject of a great deal of discussion in the literature, 
and it is worth summarising the conclusions.
It is generally the case that force fields are much le-se more, 
sensitive to Coriolis constants than to isotopic frequency 
data (30, 179). Consequently, even when accurate harmonic 
parent and isotopic frequencies are calculable, the force 
field determined from these is only as accurate as that 
determined from Coriolis constants, which cannot be corrected 
for anharmonicity (262). It may be expected from this, that 
when only approximate harmonic frequencies are available, 
the errors still remaining in the frequencies, would render 
isotopic data useless.Now it has been suggested (3 1) that 
in certain cases, the error in the isotopic shift, due to 
anharmonicity, is of the same order as, and frequently less 
than, the corresponding errors in the zeta coefficients. Thus, 
if shifts are used to constrain the force field, isotopic 
frequencies can be as effective as Coriolis data (31-35),
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and in exceptional circumstances (e.g. bridge atom 
substitution) 5 they may be more effective. However, this 
analysis assumes that the frequencies of the parent molecule 
are more accurate than those of the isotopic derivative. If 
the errors on both sets of frequencies are the same, then 
the use of shifts can have no advantage over the other 
methods of applying isotopic data. Thus, when approximate 
harmonic frequencies are available, Coriolis data provides 
the more accurate method of determining the force field.
2.2 Least Squares Adjustment
2.2.1 Criterion of Fit
The force field calculated for a particular molecule is 
valid insofar as the observables calculated from it agree 
with the experimentally determined values* In an ideal 
situation, the correct force field would reproduce all 
experimental data perfectly. But in practice, because of the 
approximate nature of the relationships between the force 
constants and the various extra data, there is always a 
discrepancy between the observed and calculated values. Thus, 
the correct force field is the one which gives the minimum 
difference between calculated and observed data. Expressed 
mathematically, the true force field is the one for which 
the variance V  is a minimum (5 8)
% = A e^  W Ae 2.5
where Ae is a column matrix, whose elements are 
given by
ASfc = (egbs _ 2.6
and is the k th observed datum.
W is the diagonal matrix whose ii th element determines the 
weighting given to the i th datum, in the calculation of the
17
varianceo Clearly, W is important, and for this reason, there 
has been much discussion of the best way to determine its 
diagonal elements.
When only frequencies are being used to determine the force 
field, two weighting options have been suggested: the 
terminology used in discussing them is questionable, but is 
too well established to be changed.
(i) Wj^j^ = 1/^?. This minimises the percentage difference 
between observed and calculated frequencies (5 8), thus 
compensating for the uncertainty in the frequencies due to
anharmonicity, which increases with frequency (40).
(ii) W^ j^  = 1/%^. This minimises differences on an absolute 
basis (58), which means that anharmonicity is statistically 
ignored (41); its proponents justify its use by pointing out 
that the absolute frequency is usually equally accurate 
over the whole infra-red region (41)•
An empirical study of the effect of weighting option on the 
general force fields of four molecules, suggested that the 
nature of W is irrelevant if harmonic frequencies are used(43) 
The opposite is true for anharmonic frequencies, when option
(i) seems to be the most reasonable choice.
A more inclusive method (40), is to weight all data 
according to
Wj^j^ = Constant/CT? 
where 0^  is the estimated error in the i th datum.
In this way frequencies, Coriolis constants and centrifugal 
distortion constants can be treated in the same manner. 
However, the method is no less subjective than others, since 
CT^  contains contributions not only from experimental error, 
but must also include some estimate of uncertainty due to 
anharmonicity.
2.2.2 The Refinement Process
As noted in the previous section, if the expressions 
relating the force constants to the measurable observables 
were accurate, then it would be possible to solve exactly 
for the P_. using m or more of these equations. However,J. J
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these expressions are approximate, and as a result, the 
relevant equations are inconsistent, and cannot be solved 
exactly for the Consequently the correct force field-L J(i.e. that which gives the closest correspondence between 
calculated and observed quantities) must be calculated by 
the iterative refinement of a trial F matrix. Each cycle 
calculates the observables (frequencies, zetas and taus ) 
from the current F matrix, and compares them with the 
experimentally determined values, by means of the variance'« 
The force field is modified, and a new cycle begins. The 
iteration stops when reaches its minimum value. Clearly, 
for this process to be successful in finding this minimum, 
the alterations in one cycle must reduce the variance in the 
next. The various techniques which are available for ensuring 
that this occurs are the subject of the next section. However, 
before proceeding to a discussion of the mathematics in 
detail, a simple pictorial representation will be presented 
(59,44), since it is often useful to discuss the process, 
and its attendant problems, in terms of such a visualisation.
^  can be expressed, via the various observables, as a 
function of the m elements of the force constant matrix F - ..J-dWhen plotted in (m+1)~dimensional space, it can be visualised 
as an m-dimensional surface, each point of which corresponds 
to an F matrix, whose ^  value indicates its nearness to the 
correct force field. In general, with 1 independant 
observables (l^m), there will be no points on the surface 
where 'X is zero, because of the approximate nature of the 
relationships between the force constants and the various 
extra data. The refinement process begins at the value 
representing the trial F matrix, and steps towards the lowest 
point in the surface, nearest to the initial %  value, 
stopping only when it arrives at this minimum. The force field 
corresponding to this final value is the correct one, 
only if there are no other minima in the surface. Unfortunately 
it is not possible, at present, to calculate the number of 
minima in the surface. This is exemplified by reports 
(2 5,2 6,2 8,6 1) of n=2 cases, where two force fields have 
been found to reproduce the observed data equally well, even 
though it had been previously thought that there was 
sufficient data to fix the force field uniquely. In these
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cases, the force fields corresponded, to the two alternative 
assignments, although in general, there is no reason to 
suppose that they should always belong to different 
assignments. It seems from this, that it is not possible to 
determine 'a priori' the number and type of extra data 
required to calculate the force field unambiguously (26,61).
At this stage, it is possible to see three sources of 
difficulty:
(i) If there is more than one minimum in the ^  surface, 
the force field produced by the refinement will correspond 
to the minimum nearest the trial F matrix i.e. the final 
force field will be dependant upon the trial F matrix (44). 
Determination of the correct force field must therefore 
involve a search of the surface, which is carried out by 
refining many randomly chosen trial F matrices. If all the 
refined F matrices are indentical, then it is assumed that 
there is only one minimum (26); if they differ, then all 
but one must be eliminated by using extra information. In 
many cases the correct force field can be chosen by 
examining the relative size of the force constants in the 
light of past experience. For a few molecules, the extra 
information may be provided by mean square amplitudes, 
intensity data (see section 2 .1 .2), asymmetric isotopic 
substitution (26) or 'ab initio’ calculations (24-6).
(ii) If two minima are close together, then large steps 
in the refinement process result in the movement from one 
minimum to the other, which manifests itself in oscillation 
and non-convergence (51). Clearly, this may be avoided by 
ensuring that each cycle uses small steps.
(iii) If the data used to constrain the force field is 
insensitive to one particular F^j, the minimum will be flat 
bottomed, which again results in oscillation and non­
convergence (40).
2.2.5 Mathematical Technique
The least squares method was introduced to deal with the 
adjustment of force constants to fit frequency data only 
(3 8), but it has been developed and extended to include all 
types of extra data (4-0). The object is to minimise the 
variance (equation 2 .5 ), by successively altering the various
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The alterations to be made in each cycle are obtained 
as follows (58),
Each Ae^ can be expanded as a function of AF^^j (arbitrarily 
re-indexed AF^g i=1 ,2 ..o..m) :
I \ACi = \ f 5 AF. + Higher terms 2.7
4 - U ' i  /
Although the necessary theory has been developed for using 
the quadratic terms (45), most treatments ignore them. Thus
ûâ =* i M  2 .8
where the elements of the Jacobian matrix J are defined by
"^ ki “ /
\ c)p^
and the force constant correction vector is a column 
matrix of m elements.
Substituting equation 2.8 into 2,5, differentiating with 
respect toAFj^, and setting all h X  = 0 , yields the so-called
normal equation* :
= (jt w J)"'’ ^  W ^  2.9
Solution of this equation gives the first order corrections 
A F , to the original trial F matrix, whose application 
should yield the minimum value of If equation 2.8 
related ^  accurately to AF, then one calculation of AF 
would be sufficient to produce the true force field, from 
the trial F matrix. However equation 2.8 is only valid over 
very small ranges of Ae, so that the calculation must be 
repeated until the correction vector falls to zero - or as 
near zero as desired by the investigator. The procedure 
can be represented by the flow diagram given in Figure 2.1 
When the method was first introduced, the J calculated 
during the first cycle was used throughout the refinement 
(5 8), but it is more satisfactory from a theoretical
* An alternative derivation is given in (44).
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Figure 2.1 : Flow Diagram for the Least Squares Refinement-
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standpoint to recalculate J for every cycle, and it is now 
standard practice to do so. Standard expressions for the 
various Jacobian matrices, worked out assuming harmonic 
vibrations, are also available in the literature (4?),
Extra data arising from isotopically modified molecules 
can be incorporated in two ways:
(i) The parent and isotopically* substituted molecule can be 
treated separately, each making its own contribution to 'V , 
and yielding separate Jacobians J-n^ and J^* .
(ii) The parent molecule’s frequencies can be treated as 
usual, but the isotopic frequencies are introduced as isotopic 
shifts which make a contribution t.o and involve 
the calculation of the Jacobian Jr (48). This method of”*u COtreating isotopic frequencies is based on second order theory 
which is only strictly valid when nSco is close to zero (49).
2.2.4 Refinement Problems and their Solution :
I Multiple Minima
The existence of multiple minima was noted in section 2.2.2, 
where it was pointed out that the correct force field can 
only be calculated unambiguously if all the minima in the 
surface have been determined. This requires the refinement of 
several trial F matrices. During the refinement of any one 
of these trial F matrices, it is essential that there should 
be some means of preventing a change of minimum, and 
checking that such a change had not occurred.
In the n=2 examples of double minima quoted in 2,2.2, the 
minima corresponded to opposite assignments of the frequencies 
Since each assignment is characterised by a certain range of 
potential energy distributions (50) or ratios of L matrix 
elements (51), checking these after each cycle would indicate 
whether the refinement, process had stepped out of the desired 
assignment minimum. If the two minima correspond to the same 
assignment, a single change may go undetected; while a 
continuous movement between two or more minima would manifest 
itself in oscillation and non-convergence.
A change of minimum can usually be prevented by reducing 
all the elements of by some arbitrary factor chosen by 
the investigator, before it is used to form the corrected 
F matrix (step 5). This can be envisaged as a reduction in
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the size of the steps which the refinement uses to step 
down to the minimum, thereby reducing the chances of 
stepping out of one minimum into another; the technique is 
known as ’scaling’ (40),
2,2,5 Refinement Problems and their Solution;
II Singular Normal Matrix
It was pointed out in section 2.2,2 that if the force 
field is insensitive to a particular piece of data used to 
constrain it, then certain may be varied over a wide 
range of values without significantly affecting In the 
refinement model, this corresponds to a flat-bottomed 
minimum, whereas in the mathematical process, it means that 
the normal matrix (J^W J) - see equation 2,9 is singular, 
and therefore has no inverse (40,52), In this situation, the 
normal equation cannot be solved. However, there,are many 
cases where the normal matrix is almost singular, so that 
inversion is difficult, although not impossible. On these 
occasions, the normal equation can be solved by employing 
one of the following mathematical tricks;
(a) Weak Vector Method (52,54)
During each cycle, the equation
(j'^ W J) V = V 2.10
is solved for V, which is used to transform AP according to
a = r'’ M  2.11
The large components of a are responsible for oscillation 
of the refinement and are scaled or set to zero. The 
modified a - a' is then transformed back to the original 
coordinates
4P' = V a’ 2.12
and the iteration is continued as usual, until convergence
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occurs. At this point, the elements of the a vector, which 
have been scaled, can be adjusted separately,
(b) Damped Least Squares (55-57)
The normal equation arises by stipulating that ^  should be
a minimum with respect to all P . .. Imposition of the further3* Jcondition ;
= oWhere c is a small positive number 
leads to the following modified normal equation:
^  J + bE)“'' ^  2.13
where E is the unit matrix
If b is chosen correctly, either by calculation (55,57) using 
0 , or by trial and error, then (J^W J + bE) will not be 
singular, even though (J^W J) is.
Most workers have used the basic method outlined in section 
2.2.5, with either or both (58) the techniques just discussed, 
to deal with the problem of the singularity of the normal 
matrix. The method to be discussed in the next section is 
much simpler in conception, but just as effective for n=2 
blocks, although the process becomes very time consuming for 
higher order matrices. It has the great advantage that it 
does not require the calculation of any J or normal matrices, 
nor their inversion. Consequently, problems arising from 
singularity do not occur, although those of assignment 
reversal still do.
2.2,6 Method of Steepest Descent
Instead of expanding Ae as a function of the P^ j^ and then 
relating this to )/, it is equally valid to expand ^  
directly as a function of P^ ^ (59) :
'y =  \  I I + Higher terms 2.14
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Figure 2.2 : Flow Diagram for the Steepest Descent Method
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Steps 5a and 5b ensure that the force field carried forward 
to step 5 is always the one with the minimum variance* Step 6 
alters each element of F in turn, one per cycle, first by +Y 
and then by «Y; the size of Y can be altered at will, but is
"^finalnormally chosen to be directly proportional to (^^%itial~
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As before, the linear term alone is used, although the theory 
necessary to include the quadratic terms is available (45). 
The procedure is represented by the flow diagram and notes 
given in Figure 2.2.
Unlike the method outlined in 2.2.5, there is no straight­
forward way of programming the refinement process to stop 
when it reaches the minimum. As represented in the flow 
diagram, the process will continue indefinitely, changing the 
Fj^ j in turn, and selecting the F matrix which has the lowest 
variance. Once at or near the minimum, it cannot step far 
away, and normally repeats the steps which first took it 
down to the minimum. This behaviour could be used as the 
criterion for bringing the programme to a halt, thus 
terminating the process, shortly after the minimum has been 
reached.
2.2.7 Estimation of Errors
Although the least squares method is a standard statistical 
method for fitting calculated to observed values, its logical 
extension to assessing errors in the force constants, must be 
viewed with extreme caution. The treatment of errors assumes 
that they are normally distributed (40), which may be true 
for cases where harmonic frequencies are used. However, it 
cannot be true when observed frequencies, and any kind of 
extra data are employed, because errors in these experimental 
values are mainly due to enharmonieity. The statistical 
measure of errors,the force constant dispersion, is given 
by (40,59) :
(H - M)
where N is the number of equations
M is the number of unknowns (force constants F^
i runs from 1 to M)
This analysis is strictly valid, only where (N-M) is large,
which does not apply to the majority of force constant
determinations. For these two reasons, force constant 
dispersions do not give a satisfactory indication of the 
errors which arise from the uncertainties in the experimental
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observations.
2.5 Graphical Method
This approach, which is concisely described and discussed in 
papers by McKean (51) and Mills (50,60) is limited to the 
n-2 case, where three force constants are to be determined 
from two frequencies.
The force constants and Egg, and. any extra data (50,24,
64, 51) are plotted against ^be experimentally
determined ranges of each of the extra data are then 
superimposed on this graph, as shown in Figures 2.5 and 2.4. 
When all the data used is consistent (Figure 2.5), then the 
force field can be confined within very narrow limits, and 
the best force field is taken to be the mean of these limits. 
However, when the extra data is inconsistent, it is necessary 
to make a subjective assessment of the most likely force 
field, while the determination of meaningful errors is not 
really feasible. In these cases, the method is unsatisfactory 
for determining the force field, but it does provide a 
convenient way of displaying the dependence of the various 
extra data on the force field, and thus, how well or ill- 
defined the force constants are.(Figure 2.4)
A similar method, with the same disadvantages, has also 
been suggested (29,52,198) to determine the parameter A 
(see section 2.1.1) from which the force field can be 
calculated using equation 2.2. Figure 2.5 gives an example of 
the determination of A from Ooriolis data.
2.4 Other Methods
There have been many other methods published in recent 
years, which require only isotopic frequencies to fix the
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the force field. Apart from the Green's function approach (68), 
they can be classified, as before, into graphical (67,69,70) 
and iterative processes (70,71,26$), but unlike the processes 
outlined, they have not been employed extensively, perhaps 
because : (i) the methods cannot be expanded to accommodate 
other types of data.
(ii) in nearly all cases, the calculations are very
complex, which leads to programming difficulties, 
as well as requiring more computer time.
For these reasons,also, none of the methods will be used in 
the present work.
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CHAPTER 3 The GalculatdLon of Approximate
Force Fields
5 Introduction
For the majority of molecules;, the data is limited to the 
n vibrational frequencies, so that the calculation of the 
general force field is indeterminate.In these circumstances, 
it is necessary to adopt one of two different approaches, 
to ensure that a unique F matrix can be calculated. The 
first, examined in the next section, may be termed the 
conventional approach. It consists of reducing the number 
of F_. to n, either by setting some to zero, or by(jintroducing (m-n) relationships between some F . .. The^ Jsecond, the subject of 5«5, introduces (m-n) extra 
relationships into the problem, in such a way that a unique 
non-zero value can be calculated for each of the m elements 
of the F matrix. From the mathematical point of view, both 
techniques are equally satisfactory, in that they restate 
the problem in a form which is capable of a unique solution. 
However, it is worth re-emphasising, that both approaches 
give rise to force fields whose validity is questionable, 
and there are no 'a priori* grounds for preferring one to 
the other. The validity of a force field is a matter for 
empirical investigation.
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5#2 Conventional Approximate Force Fields
5.2,1 Simple Valence
All off-diagonal elements of the force field are set to 
zero, implying that the potential energy of vibration can be 
represented by
2V = ^  3.1
where are bond length and bond angle changes,
5*2,2 Modified Valence
(m-n) off-diagonal F matrix elements, which are expected 
to be small, are set to zero,
5,2,5 Central
The basic assumption is that the potential energy is a function 
of the interatomic separations only:
2V = Y _ (kijArf . + K. .AR?j) 3.2
i/owhere A r . . are changes in bonded interatomic distances ^ J
^R.j are changes in non-bonded interatomic1Jdistances
i,j are indices of atoms, and the summation extends 
over all internuclear separations
Note that the expression contains no cross-terms. By using 
the usual trigonometric relationships, the ARj^j can be 
related to the internal coordinates Ar and Aa, enabling the 
general force field constants to be expressed in terms of k,
K and the geometry of the molecule (72),
This force field was abandoned very early in the study of
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molecular vibrations, partly as the result of a paper by 
Penney (75), and also because it was felt that its inability 
to reproduce the bending frequencies of linear and planar 
molecules rendered it invalid.
5.2,4 Urey-Bradley
It was originally suggested by Urey and Bradley (74) that 
the non-bonded repulsions contribute to the potential energy:
V = f ( Aa^^) 5.5
A Taylor expansion of the potential energy, yields an 
expression whose linear terms are not zero, because the 
coordinates employed are not independent. Ignoring higher 
terms than quadratic :
V = Y  K! .r. -Ar. . + •JY'k. -Ar? . (bonded distances)J-d J-d J-d J-d -*-d
v-mi -o -m 1 r*-m „ T.2 (non-bonded distances).+ )  P! .R. .aR. . + Ÿ ) P^_-AR. . inon-Donaen arsuances)—^  -L J -LJ -L J —  -LJ -LJ
+ ^ 5.4 (angles)
Shimanouchi has applied this basic equation to a number of 
molecules (65,73), showing that K*, P ' and H* are related at 
the equilibrium configuration, which leads to a decrease in 
the number of force constants. Even so, in many cases, the 
number of Urey-Bradley constants still exceeds the number of 
frequencies, so that a further reduction is necessary. The 
method chosen to reduce the number of force constants depends 
on the molecule under consideration, but the usual 
approximations are :
H* = 0  (Tetrahedral molecules only)
F' = -0.1F
It is convenient to classify the extent of modification as 
follows :
Simple Urey-Bradley (SUB) - P,K and H only
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Modified Urey-Bradley (MUB) - The full UB field with one or
more of the constants deleted 
by using the approximations 
previously mentioned,
Urey-Bradley (UB) - The full set of constants as defined by
equation 5.4,
Extended Urey-Bradley (EUB) - The UB field, together with
additional constants to allow 
for certain structural 
peculiarities of the molecule 
e.g. 0=0 bond flexibility, cis/ 
trans isomerism etc, (76),
This method of classification is not entirely satisfactory, 
because the number of non-zero linear constants depends on 
geometry of the molecule. For example, in the bent symmetrical ' 
case, the full Urey-Bradley field contains only four 
independent constants - K, H, F, and F* - so that there cannot 
be a MUB, For tetrahedral XY^ molecules, however, there are five 
independent constants - K, H, F , F* and k (the tree internal 
tension), resulting in several different MUB fields, depending 
on the approximation chosen. Once it is appreciated that the 
meaning of these terms depends upon the type of molecule under 
discussion, they constitute a useful framework, within which 
to discuss the Urey-Bradley approximation. Only the EUB has 
an unambiguous meaning, since in all cases, constants are 
introduced which do not arise from the Urey-Bradley analysis. 
These detract from the basic simplicity of the method, and 
for this reason, they will not be considered here*
5*2,5 Orbital Valence
For planar molecules, the potential energy can be written 
as the sum of the independent contributions from the in 
plane and out of plane vibrations. In the coordinates 
normally chosen for the description of the problem, the 
contribution from the in plane bending gives rise to a 
different constant from that due to the out of plane bending.
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However, by careful choice of coordinates, both contributions 
can be calculated using the same force constant. This can be 
illustrated by considering the planar XY^ molecule (77) :
Figure 5,1 : The Orbital Valence Bending Coordinate
oHere, the central atom uses sp*" hybrids which are considered 
to be fixed in space. When an XY bond moves as shovm, it is 
moving against a restoring force, which is proportional to 
the decrease in overlap between orbitals on X and Y. Since a 
Ô  bond is cylindrically symmetrical about the internuclear 
axis, this restoring force is the same, whether the 
displacement is in plane, or out of plane. The potential 
energy due to angle bending is thus given by
2V = 5.5
A more detailed analysis shows that
(i) the whole hybrid set can rotate so that maximum overlap 
between the orbitals of X and Y is retained (77,78).
(ii) X can rehybridise during the vibration to allow 'orbital- 
following* (79)o The resistance to this is measured by the 
size of a new force constant K^,
Unfortunately, if both these effects are to be allowed for, 
then there is no reduction in the number of force constants, 
so that the analysis possesses no advantages as far as this 
is concerned. Expressions relating the frequencies to 
and are given by Linnett (80,79); orbital following can 
be ignored by setting equal to infinity in these equations.
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5,2.6 Hybrid Orbital
The number of force constants is reduced in this method, by 
relating the stretching force constant to the stretch-bend 
interaction constant, as follows ;
fra = - fr (84)dO
aow 3  r K • 3 r
3 9j 3/li
where is the amount of p character in the hybridized 
wave function:
= s + (\^ p
The two partial differentials can be found as follows:
a is the change in hybridisation as the bond angle isV @j changed. This can be worked out simply by changing the 
angle (e.g. HCH from 109° 28' to 120°) and 
calculating the change in which results { aT S  to 
rsfY ).
3 is the change in the bond length which results from a
change in hybridisation. This can be worked out from 
empirical measurements (e.g. in the series
C^H^, most cases this is not
possible, and it is usually left as a single 
adjustable parameter.
In small molecules, where the number of bend-stretch 
interaction constants can be as low as one, this treatment 
does not achieve any reduction in the total number of force 
constants. However, for higher order problems, terms of the 
type fpg^ ? ^rb’ can be replaced by expressions involving
the same adjustable parameter 3 r . as the only unknown, which
results in a considerable reduction.
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5.2.7 Calculation of Approximate Force Fields
All approximate force fields dealt with in section 5.2 are 
calculated by the least squares adjustment procedure 
explained in section 2.2, with one minor modification. The 
force constants to be adjusted are the approximate force 
constants, as previously outlined, but the observables can be 
calculated only from the general force field. It is necessary 
therefore, to express the general force constants in terms of 
the approximate force constants, and a convenient method of 
doing so, is by means of the Z matrix (175,46,53) :
F^^^ = Z F ^ ^  5.6
Clearly, Z is different for each force field. The technique 
has the advantage that the transformation, as expressed in 
matrix form, is handled easily by the computer, which is 
essential, because it must be performed at every cycle.
Apart from this one addition, the procedure for adjusting 
approximate force fields is identical to that for refining 
the general force field.
However, there is a special problem which arises in the 
calculation of approximate force constants, which has no 
parallel in the calculation of the general force field. 
Because of the arbitrary manner in which the approximations 
have been made, the "^surface is such, that some minima 
occur in regions defined by complex F . .. If the refinement 
process is trying to step towards such a minimum, the result 
will be oscillation and non-convergence (44). Unfortunately, 
there is no solution to the problem; the force field under 
consideration just cannot be defined uniquely.
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5.5 Zero Variance Force Fields
All force fields which were examined in the previous 
section were the result of the same general approach: the 
reduction of the number of force constants to n or less. In 
this section, the force fields to be discussed are 
characterised by a method of calculation which inevitably 
results in a zero value for the variance. For many of them, 
it was claimed initially, that the true general force field 
could be calculated from n frequencies, by an exact method 
involving no approximations. However, after some empirical 
comparisons, and general criticism (84,85) that these claims 
violate the basic laws of algebra, it was admitted that the 
methods were only approximate. Further work has shown that many 
of the force fields to be discussed are closely related to 
each other theoretically (264, 86-89); indeed, for XY^ 
molecules, they become identical as My  ^0 (90). The methods
will be outlined using n=2 examples, since for the most part, 
they have been developed and tested for these cases only
5=3.1 Arbitrary Choice of One Force Constant
It was pointed out earlier, that the specification of one 
force constant in the n=2 case, is enough to fix the force 
field. If the value chosen for this force constant lies 
within a certain range, then the zero variance force field 
can be read off a force constant display (2.5), or calculated 
using the relevant equations. Outside this range there is 
no real exact solution, and the calculation must be 
performed using the least squares procedure, modified so that 
the force constant specified is never adjusted. In this case, 
the force field produced has non-zero variance. There have 
been several suggestions for making a realistic approximation 
to the value of one of the three force constants F^^, Fy^ g 
and F22 :
(i) F/|2 = 0, which corresponds to the modified valence force 
field. Another iterative method has been proposed for
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calculating these fields (91), in addition to the 
modified least squares method mentioned above.
(ii) The stretching force constant can be obtained from 
the bond length, using Badger and Gordy's rule (92-94).
(iii) The stretching force constant can be transferred from 
the Urey-Bradley field which has been calculated for 
the same molecule (93).
(iv) If a sufficient number of (Y=halogens) molecules 
have been investigated, then a plot, of interaction force 
constant against the atomic weight of X can be
constructed. Provided that the atomic weight of X is 
known for the molecule under consideration, the 
interaction ponstant can be read ofi^he graph (96).
(v) Either F^ j^  or F^g can be calculated using the partial 
frequency method : ( F F )
^11 y  1 > ^22 J\-22 (121)
&1 /, &22
5.5.2 Best Assignment/I, Maxtrace
A superficial consideration of the inverse eigenvalue 
problem may lead to the suggestion that, since G may be 
decomposed according to :
i if = G 3.7
the F matrix can be calculated from the n observed frequencies, 
by substituting into :
p = (L"b^ A  c r b  3.8
The flaw in the argument is that the decomposition of G is 
not unique. This can be demonstrated by assuming the 
decomposition ;
A = G 3.9
from which we may conclude that h = A. However, B = A Y 
(where Y is an orthogonal matrix) is also a solution :
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1 = A Y (A Y)t = A Ï y'^ a^'’^ ■= a  3,40
Now since there are an infinite number of orthogonal 
matrices of order n, there must be an infinite number of F 
matrices which will perfectly reproduce the observed 
frequencies, given by :
P = ï A f  A“'^ 3.44
Y can be expressed in various parametrised forms (98,65,88),
but the most convenient, and commonly used is
Y = cosA -sinA
sinA cosA
5.12
for the n=2 case. Thus, F^^, ^^2 ^22 plotted
against A, giving a clear display of the infinite number of 
F matrices. In general, the number of parameters is given 
by n/2(n-1), so that for n=5, there are three parameters, 
which makes graphical representation impossible, although 
•mapping* the F matrices has been tried, albeit unsuccessfully 
for quantitative work (98).
Pulay and Torok (98-106) have used the foregoing analysis, 
together with a redefinition of assignment, to specify a 
unique force field. They point out that the use of the 
potential energy distribution PED (I07) and the kinetic 
energy distribution KED (108) to decide which assignment; a 
force field belongs to is unsatisfactory, because it often 
leads to contradictory results. (Since then, it has been 
suggested (109) that the total energy distribution should 
be used as the criterion, but there is some doubt as to 
whether this possesses any advantages (276) ). Consequently, 
the assignment of a force field can be determined much more 
satisfactorily in the following manner :
Using the same G matrix throughout fixes the internal 
coordinates, while the normal coordinates are specified by 
the arrangement, of the frequencies along the diagonal o f ^ . 
The ni possible permutations of the frequencies in_Æ 
correspond to the ni possible assignments. To determine to 
which #f these assignments a particular F matrix belongs,
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the L matrix is calculated from
G F L = L A  3.13
Permuting the columns of L, using the same G and F matrices, 
and resubstituting in the above equation, gives all the ni 
assignments (i.e. all the ni arrangements of frequencies along 
Since an assignment is required to give a reasonable one 
to one correspondence of internal to normal coordinates, we 
choose the B matrix, out of all the permutations, which has 
the maximum trace (see equation 1.5). The arrangement of 
frequencies along the diagonal of A  produced by this B matrix, 
on substitution into equation 5 »1 3? is said to define the 
assignment of F (98).
Using very similar ideas, it is possible to determine the 
range of A which is required to produce all the F matrices 
belonging to a particular assignment:. Normally, the assignment 
is determined empirically, so that the G and A  matrices are 
fixed unambiguously. For any assignment, it can be shown (98, 
100,110) that the force field which gives the closest 
correspondence between internal and normal coordinates is 
given by
P = 3.14
Comparison with
p = 3.15
shows that this is obtained by setting A - G^ = B* and A = 0° 
i.e. Y is the unit matrix. For this reason, this particular 
F matrix is known as the * assignment centre*. Since there are 
ni such centres in parameter space, separated by 71/2, all 
force fields within A = + /'/4 of a centre, belong to that 
particular assignment (102, 106). The treatment presented so 
far involves no assumptions, and is generally useful 
whenever a force constant display is required.
However, Pulay and Torok go further, and suggest that the 
assignment centre will be a good general approximation to the
* It can be shown that this B matrix has the maximum trace.
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tx-tie general force field, This proposal has been criticised 
on the grounds that the resulting force field depends on the 
choice of coordinates (86); but it has been defended on 
exactly the same grounds. Clearly, the accuracy of the 
approximation depends upon how closely the symmetry coordinates 
resemble the normal coordinates, so that a careful choice of 
coordinates is tantamount to the introduction of extra data 
into the problem (111),
This problem can be completely circumvented by using a 
different parameter, which is completely independent of the 
coordinates used to describe the problem (63),
3o3•5 Fadini's Methods
Fadini has proposed several methods, whose relationship to 
each other can be briefly summarised (112), by introducing 
the concepts of ’weak’ and ’strong coupling’. A weakly 
coupled matrix, whether G or F, has small off-diagonal 
elements, while the reverse is true of a strongly coupled 
matrix. In general, weak coupling in the G matrix (often 
called weak mass coupling) occurs when 1 for and
%results in the frequencies being insensitive to the 
interaction force constant. Molecules can therefore be 
classified according to the extent of coupling in the G and 
F matrices, and for each type of molecule, there is a 
suitable approximate force field:
Weak G Strong G
Weak F Stepwise Coupling(SWC) gypp*
Strong F Nearest Solution(NS) Equal Eigenvalues(EE)
(a) Stepwise Coupling (SV/C)
The mathematics of the original method (113) and some of its 
variants (115-117) is extremely complicated, but a later 
version (114) simplified the calculations, while retaining 
the basic principles (87). The initial assumption is that 
the molecular vibrations can be treated as a set of 
independent harmonic oscillators, so that the off-diagonal
* My addition
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elements of the G matrix can be ignored, yielding a diagonal 
starting matrix The G and F matrices are then built up in
a stepwise manner, as illustrated in the flow diagram, given 
in Figure 3.2, which is based on (114).
The method was first introduced as a rigorous technique for 
calculating the true general force field from only n frequencies 
and as such was criticised on theoretical grounds (84, 118). 
Comparison of this force field with the general force field 
of a number of molecules, showed that the off-diagonal 
elements of F tend to be lower by about an order of magnitude 
(119, 120). In addition, the F matrix calculated depends 
upon the size of (120,114,117), although it approaches a 
definite value as m^— > cc .(87,255). Consequently, for the 
SVJC method to give a satisfactory approximate F matrix, m^ 
must be very large.
(b) Nearest Solution (NS)
The basis of the method is to construct a physically 
reasonable approximate force field F°, and then choose an F 
matrix F^^ from the infinite number which perfectly reproduce 
the observed frequencies, such that
- p9)2 3.16
i
is a minimum. The calculation of the nearest solution force NSfield F , can be performed using analytical expressions for 
n=2 (12 2,123) or more generally, by using an iterative 
procedure involving the parametrised F matrix (101). The 
basic method uses F° given by
5 .1 7
where G^ has the same meaning as in (a) above
However, several other suggestions have been made for its 
calculation (101,122,123), and obviously, any finite variance 
force field (SV,MV,UB etc.) can be used. In this and other 
ways (1 2 2,123) the method is capable of almost infinite 
elaboration, so that it is important when using the term 
’nearest solution’, to state which variation is being
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Figure 5.2 : Flow Diagram for the Stepwise Coupling Method
—o
Calculate from:•—m
—m ~m “ —m*^
Calculate F^ from:
•~m
/\
is NOEND
2
= maximum number of iteration steps
ra = count of the iteration steps
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considered.
(o) Equal Eigenvalues (EE)
Just as zero coupling in G corresponds to a pair of 
uncoupled oscillators whose frequencies are infinitely far 
apartj so the strongest coupling in G, can be represented by 
coincident frequencies. In this situation, the force field 
is given by
I 5.18
where ^ can be either of the observed frequencies.
This expression gives the sign of the interaction force 
constant straight away for n~2 (124) :
G.S^2 5.19
and with some difficulty for n=5 (125). Comparison of actual 
and predicted signs, has shown good agreement. (126,127). 
Further approximations lead to the specification of limits 
within which the true force field must lie (112,124,128). 
These are obtained by considering the-rigorous analytical 
expression for the upper and lower limits of the interaction 
force constant:
î',|2 = 0.5det"'^G(~a^ + ± 0-, - ^2^'^®11®22
From this it can be seen that for large mass coupling (i.e. 
Gy|2 large and (Ji^ - small) both the minimum value of F^g
(F^2^) and the maximum value of F^^ (^ !^ 2^) will be on the
same side of zero. Thus, one limit of F^ jg is zero, while the 
other can be obtained by setting ^ ^ the above
expression:
^ = F^gC^) 5.21
So far, the approximations have been sound mathematically 
and physically, but to narrow the range further, it is
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necessary to make some unjustified assumptions. For moderate 
coupling, the lower limit is zero, for the reasons just 
outlined; while the upper limit is obtained by substituting 
^ max above equation:
= -%max det-^G.G^g 5.22
For strong coupling the lower limit is given by the 
rigorously determined F j^î^  and the upper limit by
®12<^min^ = -^min 5.25
Apparently the ranges thus calculated include the true 
general force field, for molecules which have been tested
(112). It has also been suggested that the arithmetic mean 
of these limits provides a good approximation to the general 
force field.
The method has been explained throughout in terms of the 
interaction constant; once this is found, the other force 
constants can be read off a force constant display.
5 .5 .4  Billes Method/F Maxtrace
The basis of the method is the transformation of F and G 
into a set of coordinates J, in which they are both diagonal,
r  = K 5.24
I  = I  5.25
where J = E E 
K and P  may be calculated from
G K = K r 5.26
Substitution in
G F L « L7\. 5.27
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gives 0  E  = -ù' 5.28
from which i can easily be obtained; transforming back to the 
original coordinates, yields F ;
I = K f 3.29
Although proposed as a non-approximate method* (129),.it 
cannot be accepted as such, because it assumes that K, as 
derived above must necessarily diagonalize F (84,150), 
However, it can be shown that for this to be true, G and F 
must commute,.which requires that GF must be symmetric (150, 
151). Further, for the force field calculated in this manner 
to reproduce the isotopic frequencies, G and G* must also 
commute (I5I).
It has been pointed out that under certain circumstances, 
this method produces an F matrix with maximum trace (I5I), 
which should be a good approximation for those molecules 
whose F matrices are weakly coupled (112). As such, it has 
had some success (150).
5 .5 .5  li Approximation Method
For n=2 there are four different ways of arriving at the same 
approximation (152-140,121,90), but because these methods 
give different results for n>2, and because they have had 
different developments, they will be dealt with separately.
The approximation I^g = 0 was introduced because it was 
shown empirically to yield good approximate force fields, 
where the general force fields were available for comparison 
(90,141), in those cases where M^ 1 (141,142). Explicit
My
equations are available for the calculation of the F matrix 
in the n=2 case (15 2), but attempts to extend the method to 
n=5 have been more qualitative (145,146). Surprisingly, this
* See (174) for a later modification.
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assumption implies that iJ^ completely characteristic (i.e. 
the potential energy contribution to is due entirely to 
^22^’ while the apparently more acceptable approximation 
(144) of a characteristic V/| vibration (L^^ = 0), has not 
been pursued seriously (143).
Several modifications have been proposed (147,272), but 
these detract from the essential simplicity of the method, 
and will not be described.
(b) Extremal
The specification of an extremal value for one force
constant, in the n=2 case, would be enough to fix the force
field. Thus there are six extremal F matrices, corresponding
to the specification of maximum and minimum values for the
three force constants. Most of these force fields were
examined some years ago (150,151), but only F^^max and Fg^min
were found to merit further investigation, the results of
which can be summarised as follows:
Both F^^max and F^^min are satisfactory approximations when
there is little mixing of vibrations (90,144,155) i.e. if
r 2 12 /— — < 1 .  However, it can be shown that from a theoretical de to
(1 5 1,1 5 2,155) and empirical (155,144) viewpoint, F^^max is 
limited in applicability to such cases. This explains why
= 0 has not been pursued as an approximation, sinoe.it is 
identical to F^^max (90,155). On the other hand, Fg^mln, 
which is equivalent to = 0 (152,157,151,152), is also a 
satisfactory approximation, even with large coupling - 
r. 2^12 ^  1 (15 2,1 5 4,1550. Both extremal force fields can be
de to
determined directly from a force constant display, or 
analytically (152,151).
For n > 5  the specification of an extremal value for one F,. . 
does not provide enough extra relationships, so that more 
assumptions, of the same or different kind, must be made to 
fix the force field uniquely (158), However, analytical 
expressions have been derived for the calculation of extremal 
sets (1 5 8,1 5 6,157), and two iterative methods are available.
50
One refines F until ^ F = 0 (105,158), where A is the parameter
c) A
of section 5•5*2, while the other depends upon finding an F 
matrix corresponding to a singular J (157,159,20,56,42 - see 
section 2*2.5)»
(c) Progressive Rigidity
The method, introduced by Torkington (160,161) and 
Larnaudie (152), consists of generating a lower triangle L 
matrix by successive reduction of the order of the eigenvalue 
equation. Since this factorisation begins with the highest 
frequency, the molecule is considered to become more rigid 
as the calculation proceeds - hence the descriptive title.
This is the most general form of the constraint considered 
in this section; the = 0 approximation is a straight­
forward application to the n=2 case, while in extremal terms, 
it results in where is the lowest vibrational
frequency (158).
(d) G ratio
In a rather novel re-examination of the GF method (165,164), 
the kinetic energy was expressed in terms of kinetic constants, 
just as the potential energy is conventionally regarded as
the sum of terms involving the potential constants. It was
then suggested that a unique force field could be specified 
for n=2 by imposing the condition:
i n  = 5.50
^22 ^22
Where K . . are the kinetic constants ij
However, it is difficult to see what advantages this 
treatment possesses, since the  ^ are directly related to 
the G matrix elements, so that this 'new' constraint is in 
fact, only a restatement of the I^g = 0 approximation (152)
^12 = - dig 3.31
^22 *^ 22
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fl2 = - fl2 5.32
^11 ^22
is equivalent to L2  ^ = 0.
5.5.6 F Steen
The random deformation of a molecule involving all 
coordinates will produce restoring forces which are slightly 
less than those obtained by deforming any one coordinate 
separately. Thus, although it is a straightforward matter 
to determine the maximum restoring force when one coordinate 
is displaced, it is difficult to calculate the restoring 
forces acting, when all coordinates are displaced 
simultaneously. This method provides a way of calculating 
such a set of restoring forces, and since they are related 
to the force constants of the molecule, the force field can 
be specified uniquely (165). The starting point of the 
discussion is the statement that since the parametrisation 
of F is entirely arbitrary, the energy of the molecule must 
be independent of A ;
^ E s= 0 
C)A
This can be decomposed:
V ” / A s  ') /Aüil = 0
U a7
5.33
where are the restoring forces associated with each 
coordinate :
= î'iSi 5.54
add F^ are the force constants and the symmetry coordinates
can be obtained by differentiating equation 5.54, and
\c) A /
I Ô B  \ from the Virial theorem as applied to polyatomic
U h J
molecules. Substitution into equation 3-55, results in an 
expression relating the diagonal force constants e.g. XYg 
n=2 block :
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From equation 5*33
Now
Thus
Ù E
c) M,U l  & A /
c)e \ I Ù Mp 1 = 0
c)m J  i dA
f ^  U  r ; / ès ]
U m J  \ à n j
f N  = ^  / ^ i i )  ; I # 2)
[ O A  j  Æ X à k  / \ d k  !
3.35
= 2sin0 ; ( 0 is the bond angle)
22
ç' F  ^^ + 2sin0 T - 22] - 0
22
3.36
This result also applies to XY% and XY^ molecules, and is 
required in 5.3.2 (h),
3 .3 .7  Potential Energy Distribution
It has already been noted that F^^max produces a potential 
energy distribution such that the potential energy in 27^  is 
due entirely to F^^; the contributions from F^g and F22 are 
both equal to zero. However, l/j is also characteristic if the 
contributions of F^2 and F^g to the potential energy are 
equal in magnitude, but opposite in sign (138,166). This 
condition has been examined for molecules, for which accurate 
general valence force field are available (17I), and 
apparently produces force fields which agree satisfactorily 
with the true F matrix.
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3.3.8 Other Methods
The majority of the methods outlined so far have been used 
frequently, and itmainly on this basis that they have been 
selected for discussion. Many other methods have been 
suggested (157,200,273), but they have been little employed, 
either by their authors, or by other workers in the field.
This may seem an excellent reason for investigating their 
general applicability, but as the study must have some limits, 
it is a more compelling reason for excluding them.
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CHAPTER 4 Data for the Molecules to be
Investigated
4.1 Criterion of Selection
As outlined in section 1.3, any meaningful discussion of 
the validity of an approximate force field necessitates 
comparison with the HGFP. Accordingly, the only molecules 
worth investigating are those for which
(i) Harmonic frequencies are available
(ii) There are enough extra data to fix the force field, in 
symmetry coordinates, unambiguously.
On this basis alone, it is possible to dismiss immediately 
all types of molecule other than:
X%2 linear and bent (symmetrical) 
pyramidal and planar 
XY^ tetrahedral 
XY^ octahedral
In addition, XYg linear, XY^ planar and XY^ octahedral can 
be excluded for the following reasons:
Each vibration of a linear symmetrical XYg molecule belongs 
to a different symmetry species, so that in symmetry 
coordinates the problem reduces to three n=1 matrix equations, 
which can always be solved without using any approximations* 
Since the object of the present comparison is to determine a 
suitable approximation for use in cases where the general 
force field cannot be calculated for lack of data, there is 
little point in studying XYg linear molecules.
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There are only five chemically different molecules of the 
type planar, for which it has been possible to accumulate
the necessary extra data to determine the general force field
(SO^, BX^ X=F,Cl,Br,I). Rigorous determination of harmonic
frequencies, from overtone and combination bands has not been
possible for any of them; nor can any approximate correction
be applied for 80^, because there are no spectra of isotopic
derivatives available. For the remaining molecules, fundamental
frequencies have been measured for all isotopic derivatives 10 11BX^ and BX^, which means that approximate anharraonicity 
corrections can be calculated for and ( 17%] ? the
totally symmetric vibration shows no shift on substitution, 
since the boron atom is not involved in the vibration). Since 
9^1’ 373 and 2^  are required for the determination of all 
conventional force fields, only the zero variance force fields 
can be calculated for the n=2 block ('V^ and 97^)5 for this 
reason, XY^ planar molecules will not be investigated. (272» 
the out of plane bending vibration, determines the out of 
plane bending constant uniquely in all force fields, because 
it does not mix with the in plane vibrations).
Apart from SF^, where a 1^ deviation of frequencies from the 
product rule was taken as an indication that correction for 
anharmonicity was unnecessary (168), there are only two 
molecules WF^ (169) and UF^ (l?0), for which correction for 
anharmonicity has been contemplated. Although fundamentals, 
overtones and combinations have been measured for both 
molecules, it has not been possible to locate any band centres 
by rotational analysis. In addition, at least half the bands 
have quoted experimental inaccuracy of + 1 cmT^ to + 3 cm"^. 
Even using all the measured frequencies, there is not 
enough data to determine a complete set of anharmonicity 
constants, and some are set to zero or estimated. Errors on 
those constants which were calculated are at least 25%, 
leading to estimated inaccuracies in the harmonic frequencies 
in the range 6-13 cm"^. These are too large to allow the 
HGFF to be calculated with precision. Even if this were not 
so, any conclusions based on the investigation of only WF^ 
and UFg could not be applied with confidence to other XY^ 
molecules. Because of this, the comparison of force fields 
for this type of molecule is postponed until more accurate
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data is available for a larger numbcx* x>£ molGoules.
The molecules to be investigated are consequently of the 
type XYg bent, XY^ pyramidal and XY^ tetrahedral; a full list 
is given in section 4.3*
4*2 Calculation of Harmonic Frequencies
Whichever method is used to correct for anharmonicity, the 
errors in the calculated harmonic frequencies must depend 
upon the accuracy with which the enharmonic frequencies can 
be located. Uncertainty in the position of these bands can 
arise in the following ways;
(i) It is not always possible to resolve the rotational lines 
and hence calculate the band centre. In these cases, the 
Q branch maximum is taken as the band centre, which can 
be expected to result in errors of the order of 1 om""^.
(ii) Quite apart from the difficulties of determining the 
centre of the band, as observed, there is the problem 
of Fermi resonance, which moves the whole band from its 
'true* unperturbed position. Unfortunately, the existence 
of Fermi resonance cannot be predicted *a priori*, so 
that its effects often remain undetected* However, where 
calculations have been possible, they indicate that 
shifts are an order of magnitude larger than the errors 
discussed in the previous paragraph.
The following discussion concentrates on the calculation of 
harmonic frequencies, assuming that these two complicating 
factors are absent. All raw data used is to be found in 
Tables 4.8 to 4.24 in section 4*3.
4.2.1 Correction using Anharmonicity Constants
'Fhp fTAnnA-ncj AR of a nolvatomic molecule are given
= VoJj_(v^+d/2) + 7^ X^ j (v^+d/2) (Vj+d/2)
^ 4- Higher terms
« 2 + }  X^ j (v^+d/2) (Vj+d/2)
^ + Higher terms 4.1
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where d is the degeneracy of the vibration, and X_. are the 
anharmonicity constants.
If all terms higher than quadratic are ignored, and a 
sufficient number of overtone and combination bands have been 
measured accurately, then the harmonic frequencies can 
be calculated from the observed frequencies In such rare
cases, the errors in the calculated frequencies are of the 
same order as those in the observed frequencies. However, 
rigorous determination of harmonic,frequencies is not possible 
for the vast majority of molecules, owing to lack of data.
If the molecule under consideration is an isotopic derivative 
of a molecule whose harmonic frequencies have been 
determined rigorously, then the isotopic anharmonicity 
constants can be calculated from
\u. Uj I
with only a slight loss of accuracy in the harmonic 
frequencies (175,176), In all other cases, more drastic 
approximations must be employed.
4.2.2 Correction using Anharmonicity Corrections
Dennison (177,178) suggested that the observed and harmonic 
frequencies can be related simply by the use of the 
anharmonicity correction a :
= ldj^ (l + a^) 4.3
Usually, a can only be determined if the frequencies of an 
isotopically substituted molecule are available, and it is 
assumed that
and thus 4.g
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where * denotes isotopio quantities.
This assumption can be checked by comparing rigorously 
determined a* with those calculated using this relationship 
(Table 4.1). The standard deviation for the percentage, error 
in a* is 8,68.
(a) n=1 block vibrations
If the vibration under consideration is the only one in a 
particular symmetry species, then the Product Rule provides 
a straightforward relationship between the parent and isotopic 
harmonic frequencies :
P s= W  4.6
P can be calculated from the geometry of the molecule and the 
masses of its constituent atoms. Substitution into this 
expression allows e to be determined easily, without any 
further assumptions:
a - r; (P 21* - JJ) 4.7
(01^ - Pil*^)
From this, a* and hence co and oi* can be calculated. Again, 
the usefulness of the method can be assessed by comparing 
the rigorously determined a's for the vibration of several 
XYg molecules, with a's calculated in this manner (Table 4.2). 
Unfortunately, the sample is too small for any statistical 
analysis to be valid, but there is no doubt that the 
corrections to the frequencies of non-hydrogen containing 
molecules are so inaccurate and unreliable, that there is 
little point in attempting to calculate harmonic frequencies 
by this method. Estimated harmonic frequencies for hydrogen- 
containing molecules are much more acceptable, and appear to 
become increasingly accurate as the mass of the central atom 
increases (176). If this trend applied generally, it would 
mean that the harmonic frequencies of second, third and 
fourth row hydrides could be calculated to within + 5 cmT^.
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Table 4*1 î The Comparison of Rigorously Determined a*s (a^) 
with a*s using Dennison's Rule (a^)
ai lOOagi lOOa^ % Diff* 1^ 100a% lOOa^ % Diff*
D2O 3 .4 5 7 3 .5 0 7 -1 .4 5 RD^ 3.082 3-681 "19.45
D2S 2*977 2.978 —0*04 1*916 1.904 0.63
DpSe 2.824 2.890 -2*32
^^MOg
S’^^Og
2.697
2.795
1*211
2 .7 1 7
2 .9 9 2
1 .3 4 7
-0.76
-7.06
-11*19
®2
KDj 6 *01 9
2.598
5.885
2*629
2.26
"1.19
57c 102 1.818 1.926 "5.93 ^3
NDj 3 .4 1 7 2*880 15 .72
2.357 2 .3 3 0 1 .1 5
DgO 2.581 2*497 -4*85
D^S
DgSe
1 .9 09
1.621
1 .9 72
1 .9 4 7
1.644
2*050
"1.98
-1.42
"2*91
H
WD5 2.855
2.856
2.887
2.856
-1.12
0
0.939 0*922 1*86
1.731 1 .5 9 0 8*16 OD^ 5.598 5.815 -3.88
570102 0.852 0.978 "17.49 ap
®-3
CL
2*200 1 .4 3 7 3 4 .6 8
DgO 3.615 5.680 -1.86 *3
DgS 2*861 2.928 "2*54 OD4 3.360 3.168 5 .71
DgSe 2*906 2*919 -0*41 1.147 1.160 -1 .13
4.256 4*265 -0*18 5°8iF^ 1*143 1 .1 5 0 -0.61
"^NOg 3 .0 1 7 2*876 4*67 0*876 0*935 -6 .7 4
S^GOg 1 .311 1.357 -3.53
37ciOp 1.976 1.966 0*53 ®4OD. 2.846 3.298 -1 5 .8 8
2 .5 1 9 2 .535 -0.64
 ^Diff = lOOCaj, - ag) 2.516 2.525 -0.364 '4'0E„ 0 .0 0 0 -0 .0 7 0
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Table 4.2 The Comparison of Rigorously Determined a^ (agi) 
with a^ from Rcoduot and Dennison's Rule (s^ pp)
®3 lO O a g % Diff '^3"b
HgO 4 .9 7 2 5.291 —6 « 42 -11.98 186.74
DgO 3.613 3.928 -8 .7 2 -8.78 100.73
HgS 4 .0 3 0 4 .2 9 2 -6 .5 0 —6.89 10 5 .8 8
DgS 2.861 3 .1 19 -9.02 —4.93 54.62
HgSe 4 .0 7 0 4.163 -2.20 -2 .1 9 95.97
DgSe 2.906 2.997 -3 .1 3 -1 .5 4 4 9 .3 3
^"03 4 .5 20 4 .2 9 2 5.04 2.38 4 7 .1 0
IS O 3 4.256 4 .0 5 5 4 .7 2 1.97 41.90
l 'h ïO g 2 .9 52 4 .1 33 —40.00 -19.11 47 .75
^%0g 3 .0 1 7 4 .0 3 7 -33.81 -16.12 47 .68
s'^^Og 1.406 0 .7 03 5 0 .0 0 9.58 19 .15
1.311 0.680 48.13 8.32 17.28
^ ^ C lO g 1.998 4.595 --129.98 -28.84 2 2 . 2 0
^ T c iO g 1.976 4.542 .-129.86 -28.18 2 1 .7 0
% Diff " (a% - 8g)lOO A CO _ ss CO —3 3 - l o g a l o3
Table 4.3 : The Comparison of Rigorously Determined a (a^)
with a from Product , Dennison's Rule, and 
Zeta Relationship for CH^ and CD^
100aT
^  7^ V i\.
8.046 2.019 4.233 4.340 
8.287 2.164 4.589^3.935'*’100aDp2
% Diff -3.00 -7.18 -8.41 9.33 
-7.03 -1076 -5.32 -5.32
(17s)
M '^ 2 2^5 2^4
5.598 2,200 3.360 2.846 
5.989 1.540 3.43^3.000'*' 
-6.98 30.00 -2.23 “5.41 
-8.24 7.20 -1.68 “1.53
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(b) n = 2 block vibrations
When two vibrations Olj and U 2 belong to the same symmetry 
species, application of the Product Rule and Dennison's Rule 
as before, leads to an expression relating the two 
anharmonicity corrections a^  and ag :
P =: CJ1 0^2 “ ^1 ^ 2   ^ '*'^ 2^ 4*8
w  * w  * (1 ) (1
* ‘If m = 'V '] and n = , simple rearrangement gives;
2^2
(Pn^m^~1)a^a2 + (Pnm^-I)ag + (Pn^m-1)a2 + (Pnm-I) = 0 4.9
Another equation in a^j and a2 , independent of this expression, 
can be derived using the relationship between harmonic 
frequencies and the zeta coefficients (178). These tv;o 
equations define unique values of a^  and 3.2  ^ although the
calculation involved is much more lengthy and tedious than,
that required for the n=1 block frequencies. Unfortunately, 
the accuracy of such corrections can only be checked for 
methane, whose harmonic frequencies have been calculated 
rigorously. A glance at Table 4.3 indicates that the errors 
are of the same order as those for the n=1 block vibrations 
of hydrogen-containing molecules.
Two approximations have been used in the past to avoid this 
lengthy calculation ;
a ao (178) 4.101 - "2
a^ =1^ a2 (179) 4.11
7Jç>
The validity of these assumptions can be checked against 
accurate a values for XY2 moleculos (Tables 4.4 and 4.3). It 
is not surprising to see that the resulting corrections are 
most unsatisfactory.
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Table 4.4 î The Comparison of Rigorously Determined a s 
(a/ji) with as derived using Product Rule,
Dennison's Rule, and alc^
lOOacaic lOOa^Ca^) % Diff 100ag(a,p) % Diff
H^O 4.500 4.800 6 .2 5 5.379 "33.18
DgO 5.288 3 .4 5 7 4.89 2.581 -38.10
H^S 5.466 4.106 1 3 .3 9 2.691 -28.80
DgS 2.514 2.977 1 3 .3 3 1 .9 09 -3 1.69
HgSe 3.310 4.016 17.58 2 .2 94 -44.29
D^Se 2.581 2.824 15.69 1.621 -46.88
3 3 .0 7 4 2.877 -6.85 2 .150 -42.98
3 2 .905 2.697 -2.15 1 .9 7 2 -47 .21
7.674 5.020 -61.54 0 .9 3 4 -721.63
7.604 2.795 -62.81 0.939 -70 9 .80
1 .4 5 2 1.409 -3 .0 5 1.657 12.37
S'^^Og 1.388 1.211 -14.62 1 .731 19.82
55oiOg 20.985 1.936 -985.94 0.984 -2032 .62
57oiOg 20.880 1.818 -1048.51 0 .8 3 2 -2409.62
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Table 4.5 : The Comparison of Rigorously Determined as
(a%) with as derived using Product Rule,
Dennison's Rule and a^j “ -1 (^calo^
^2
ag
lOOarp ^OO&oalc % Diff 10Oajjj % Diff
HgO 4.800 6.265 —509 48 5.579 2.751 19.18
DgO 3.457 4.576 -52.57 2.581 2.018 15.25
4.106 4.801 -16.95 2.691 2.172 19.29
DgB 2.977 5,482 -16.96 1.909 1.571 17.71
HgSe 4.016 4.621 -15.06 2.294 2.058 11.16
DgSe 2.824 3.324 -17.70 1.621 1.461 9.87
2.877 3.769 -51.00 2.150 2.595 -11.40
2.697 3.560 -5 2 .0 0 1.972 2.261 —14.66
5.020 10.220 258.41 0.954 5.814 -522.48
'’^ NOg 2.795 10.150 262.45 0.959 5.741 -511.40
si^og 1.409 1.976 -40.24 1.657 0.888 46.41
s”'®Og 1.211 1.889 -55.99 1.731 0.852 50.78
55oiOg 1.936 50.106 -266.26 0.984 14.247 -59.35
57clOg 1.818 29.950 -1547.41 0.852 14.160 -59.26
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4*2.3 The Significance of the Product Rule Ratio
The anharmonicity correction, a, calculated by using the
methods outlined in the last section, is directly related to
the deviation D, of the experimental Product Hule ratio
P « iJ « from the theoretical value P. « U) , where D is e t
given by :
D = 100(P^ - Pg) 4.-12_
The value of a will therefore be affected by errors in P^, 
which arise from inaccuracies in the location of the 
anharmonic frequencies (any error in P^ is negligible). A 
useful measure of the effect of frequency errors, S, can be 
obtained as follows;
An error in the frequencies is assumed, e.g. + 0,05 cm"^, 
and of the two extreme values of P^, allowed by this error 
limit :
p+0.05  ^ + 0.05 5 p-0.05 ^ V  _ 0.05
U * -  0.05 0.05
isthe one which^closer to P^ is calculated. Using this, the 
corresponding value of D is determined ;
D „ 100(P^ - Pg*°^) 4.13
and hence
S = 100CD - 4.14
D
S thus indicates whether errors in the frequencies cause 
P^ to be so inaccurate that D ceases to have any meaning. 
Careful inspection of Table 4,6, which displays values of 
S corresponding to various errors in frequencies, reveals 
that the molecules to be studied fall neatly into two 
categories.
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Table 4,6 s The Significance of the Deviation from the 
Product Rule,
XYg Ul ^ 2
Error H^O H^S HgSe ^3 NO^ BOg 010^
0.05 0.46 0.78 0.80 7.07 16.50 25.07 15.09
0.10 0.92 1.56 1.71 14.29 29.93 48.68 32.20
0.15 1.37 2.34 2.63 21.50 43.35 72.29 43.84
0.20 1.83 3.12 3.54 28.72 56.78 99.96 66.45
0.25 2.29 3.90 4.45 35.94 70.21 83.38
0.50 4.57 7.81 9.02 72.06
1.00 9.15 15.64 18.16
2.00 18.32 31.33 36.50
3.00 27.51 47.06 54.91
4.00 36.72 62.85 73.38
5.00 45.96 78.70 91.92
10.00 92.45
Error HgO V HgSe O3 NO2 SO2 OIO2
0.05 0.11 0.69 0.61 4,69 9,6? 38.63 14.95
0.10 0.35 1.09 1.05 9.03 16.28 71.83 31.39
0.15 0.58 1.49 1.50 13.37 22,23 47.85.
0.20 0.82 1.89 1.95 17.71 28.51 64.26
0.25 1.06 2.28 2.40 22.05 34.79 80.70
0.50 2.25 4.27 4.64 43.76 66.16
1.00 4.76 9.28 9.11 87.22
2.00 9.53 16.21 18.08
3.00 14*30 24.18 27.06
4.00 19.08 32.16 36.04
5.00 25.86 40.15 45.04
10.00 47.80 80.22 90.19
20.00 95.95
66
Table 4.6 (coat'd)
XÏJ V 2
Error NE^ 3 AsB, 8bH%
0 .0 5 0.35 0.69 0.58 1.19 1 9 .1 0
0.10 0.65 1.30 1.26 2.34 38.47
0.15 0.95 1.91 1.93 3.49 57.85
0.20 1.25 2.53 2.61 4.64 77.23
0.25 1.56 3.14 3.28 5.79 96.60
0.50 3.08 6.22 6.67 11.54
1.00 6.12 12.37 13.44 23.07
2.00 12.22 24.72 2 7 .0 2 46.21
3.00 18.34 37.12 40,66 69.46
4.00 24.48 49.5.6 54.36 92.82
5.00 30.64 62.05 68.11
10.00 61.76
xr.
Error 3 AsH% 8bH%3 NF^
0.05 0.56 0.76 1.25 1.15 12.06
0.10 1.09 1.42 2.41 2.29 24.24
0.15 1.63 2.07 3.57 3.43 38.10
0.20 2.16 2.55 4.73 4.58 50.27
0.25 2.70 3.39 5,90 5.72 63.27
0 .5 0 5.37 6.67 11.71 11.44
1.00 10.71 13.25 23.35 22.90
2.00 21.42 26.45 46.71 45.89
3.00 32.16 39.69 70.16 68.99
4.00 42.91 52.98
5.00 53.70 66.31
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Table 4*6 (oont'd)
XY^ U l V 2
Error SiH^ OH^ 8iE^ GeH^
0 .0 5 0.51 0 .5 2 0.09 4.10 2 .5 4 0 .9 2
0.10 0.80 0.84 0.28 7.60 5 .1 7 2.20
0.15 1.50 1.55 0.47 11.10 8.00 5.48
0.20 1.80 1.87 0.65 14.60 10.82 4.75
0.25 2 .5 0 2.59 0.84 18.10 15.65 6 .0 5
0.50 4.78 4.97 1.79 55.59 27. 80 12.42
1.00 9.75 10.15 5.67 70 .5 3 56.12 2 5 .2 0
2.00 19.70 20.51 7.45 50.80
5.00 29.66 50.88 11.25 76.45
4.00 59.65 41.27 15 .01
5.00 49.62 51.68 18.79
10.00 99.75 57.78
20.00 76.01
XY^ ^ 3 1^4
Error SiH^ GeH^ 0 % 28/29 2 9 /30 28/30 CP^
SiP^ SiP^ SiP^
0 .0 5 . 1.33 1 .3 2 0.83 262.79 320.87 152 .07 8.58
0.10 2.53 2 .7 0 1.61 16.58
0.15 3 .7 2 4 .0 9 2.40 24.57
0.20 4 .9 2 5 .4 7 3,18 32.56
0 .2 5 6.12 6.86 3.97 40.55
0 .5 0 12.11 13*79 7.89 80.48
1.00 24.10 27.67 1 5 .7 4
2.00 48.16 5 5 .5 4 31.48
3.00 7 2 .3 2 83.52 47.26
4.00 96.57 6 3 .0 9
5.00 78.95
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(i) Hydrogen-containing molecules whose frequencies are so 
high that errors must be of the order of several wavenumbers 
before D ceases to be meaningful. For these, rotational 
analysis of the band is not essential for the determination 
of reasonably accurate values of a.
(ii) Non-hydrogen-containing molecules, whose frequencies 
are low enough for errors in the range 0 - 0.2 cm""^  to make 
D meaningless* With these, unless the band centre is very 
accurately determined by rotational analysis, it is pointless 
attempting to correct for anharmonicity using D. In some 
cases, even this data is not accurate enough (see 8iF^^). 
Presumably, this partly explains the large deviation found 
for a^ in Table 4*2,
These conclusions have not been generally recognised, but 
it is clearly essential that such an analysis of the frequency 
data be made, before harmonic frequencies are calculated 
using Dennison’s Rule.
A similar caution must also be extended to the interpretation 
of the deviation of calculated harmonic frequencies from P^* 
Many authors have claimed that agreement with confirms 
the accuracy of the harmonic frequencies. This is not true. 
Agreement with the Product Rule ratio indicates only that 
the suspected harmonic parent and isotopic frequencies 
conform to the correct pattern; it cannot say anything about 
the absolute accuracy of the frequencies. So it is, that 
there is nothing inconsistent about the fact that the 
observed frequencies of NP^ fit the Product Rule ratio better 
than the harmonic frequencies. The error in frequencies 
required to account for D is 0*05, which is certainly within 
the inaccuracies expected for harmonic frequencies,
4*2*4 Empirical Anharmonicity Correction
Prom a theoretical point of view, anharmonicity would be 
expected to increase with the frequency of vibration; 
empirically this means that a and ( cu - ) should correlate
well with U  o.Figures 4.1 and 4*2 confirm this relationship® 
Unfortunately, the standard deviations of (oJ - 2D) and a 
are so large, that the use of the equations given to 
calculate them, would result in more inaccurate values than 
those calculated using the methods outlined in 4.2.2. As
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stated there, statistical analysis of Table 4.2 is not 
strictly valid, but the comparison is instructive ;
Table 4.2 Fig, 4.1, 4*2
H-cont’g Non-H-cont’g All All
7"? ^8.6 14.5 21.4
5^ 0.00266 0.01546 0.0114? 0.01215
However, the empirical correction has the advantage that it 
can be applied to the frequencies of a molecule, without 
requiring the spectrum of the isotopic derivative*
4.5 Data
The data is arranged in sections, according to molecular 
shape. In each section, the choice of suitable molecules is 
discussed, and the most recent frequencies and molecular 
parameters have been tabulated. Where necessary, harmonic 
frequencies have been recalculated, and details of the 
calculations.are given in the relevant sections. For 
completeness 3 the deviation of the observed and,harmonic 
frequencies from the Product Rule, and a values, have been 
included.
In considering the errors in harmonic frequencies, it has 
been assumed throughout that the rotationally analysed bands 
are accurate to + 0*1 cm~^, while the inaccuracy in the . 
position of an unanalysed band, does not exceed + 1 cmT^.
4.5.1 XYg Molecules
Harmonic frequencies are to be found in the literature for 
the molecules given in Tables 4.8 - 4.11* They have been 
calculated rigorously from overtones and combinations with
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Table 4.8 2 Frequencies for Molecules (cmT^)
Anharmonic
^1 ^2 "^ 3 RefHpO 3656.65 1594 .59 3755.79 180DgO 2671.46 1178.33 2788 .05 180
H^S 2614.56 1182.68 2627.48(a) 181
D^S 1896,38 855,45 1909.2 4(a) 182
HgSe 25 44 .50 1054.21 2557.80 185
DgSe 1686.70 741.42 1697.36 185'1^ 60 1105.157 700 .93 1042.096 184
1041.90 661.70 984.60 184
1518 .00 749.80 1617,75 185
1506.00 740.15 1580.52 185s'’®Op 1151 .38 5 1 7 .6 9 1561.76 (e) 186s'’®Op 1100.65 496.70 1517 .90 1875^010 945 .2 0 44 7 .5 0 1110.80 188
570102 940.40 444.60(d)1098.10 188
Harmonic
HpO 5832.17
U2
1648.47
LJ ^
3942.53
Ref.
180
How 0 
f
DgO 2765.80 1206 .5 9 2888.78 180 f
H^S 2721 .92 1214.51 2733.36 181 f .  .
DgS 1952.84 871.78 1965.86 182 b , o , f
H^Se 2458.66 1057.93 2455.77 189 b ,c
DgSe 1734 .53 753.44 1746.69 189 b ,c
11 54 .90 716.00 1089.20 184 f
>1 /. 0 1070.00 674.75 1026.50 184 f .  .1557.80 756.80 1665.50 185 b , o , f
S'’®0p
s^®o:
1542,50 747 .1 0 1628.00 185 b , c , f
1167,60 526.27 1580.91 186 f .
1115.98 50 5 .3 0 1535.18 187 b , f
55ciO p 965.50 4 5 1 .7 0 1133.00 188 f .
57oio~ 95 7 .50 44 8 .5 0 1119 .80 188 b ,o
(a) Unobserved (b) Product Rule (c) Dennison’s Rule
(d) No rotational analysis (e) See (275) for a more recent 
value ; 1362.0295 (f) Combination and overtone bands
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Table 4*9 : Molecular Parameters and Masses for X I ,
Molecules
Angle/° Ref. Length/S Ref. Masses (196)
HgO 104.522 180 0.95721 180 H 1.007825
HpS(a) 92 .117 190 1.5556 190 D 2.01410
HpSe
O3
90 .917 191 1.4605 191 16q 15 .9949
116.784 192 1 .2 7 1 7 192 I80 I7 .999I6
NOp
80p
CIÔ0
154.067 195 1 .1 9 5 4 195 32g 31 .97207
119 .3 50 194 1 .450 76 194 33.96786
117.584 195 1 .471 195 14jj1 %
14 .00307
15.00011
(a) For more recent, but comparable 
values, see (274) 5VoiSOge
34.96885
36.96590
79.9165
Table 4.10 Deviation from the Product Rule for 
XY^ Molecules
^t ftc # Difftc ^e fo Diff,
HgO 1.8955687 1,8946607 0.0574 1.8525255 2.2711
HgS 1,9417980 1.9417927 0.0005 1.9061007 1.8584
HpSe 1.9745604 1,9745665 -0.0005 1.9589062 1.7957
°3 1 .1255054 1 ,1254959 0,0169 1,1215689 0.5520HO2 1.0259495 1.0245281 0,0565 1,0225460 0.1566
SOp 1,0916191 I.09I6515 0.0011 1.0902975 0,1211
OlOp 1 .0151606 1.0158980 0 ,0 72 8 1,0112080 0 ,1 927
HpO 1,5647767 1.5647755 0,0002 1.5471028 1 .2 9 5 0
HpS 1.5918475 1.3918505 0.0012 1,5761915 1,1248
HpSe 1.4048251 1.4048115 0,0010 1.2890985 1 .119 5
0; 1.0608041 1.0610815 -0.0261 1.0585952 0.2271NOp 1.0226651 1.0250345 -O.O56I 1.0256850 -0 .0 9 9 7
SOp 1 .0555125 1 .0542500 -0 ,0 7 1 4 1.0552802 0 .0225
ClOp 1.0110087 1.0117878 -0.0771 1.0115654 -0 .0551
^t'^tc and P^ are the Product Rule ratios calculated from themolecular geometry, harmonic and observed frequencies resp,
^ Difftc = 100(2% - 2to)/2t % Diffg = 100 (P^
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Table 4.11 s a and ( u) - V  ) values for XYp Molecules
HpO
DpO
HpS
DpS
HpSe
DgSe
'’80/
^^NOp
S^Gop
S^^Op
55ciO,37OlOr
HpO
DpO
HpS
DpS
HpSe
DgSe
'’\ 0 p
'’% 0 p
s'’®Op
s'’®0p
35oio,37,010,
&1 ^2 &3
0.04800 0 .03379 0 .04972
0.03457 0.02381 0.03613
0.04105 0.02691 0.04030
0 .02977 0 .0 19 09 0.02861
0.04016 0 .0 22 94 0.04070
0.02824 0.01621 O.O29O6
0.02877 0.02150 0 .04520
0.02697 0.01972 0.04256
0 .03020 0 .0 09 34 0 .02952
0.02795 0 .0 0939 0 .03017
0.01409 0.01657 0.01406
0.01211 0.01731 0.01311
0 .01936 0.00984 0.01998
0.01818 0.00832 0.01976
( H  " (c^ -
175 .5 2 53.88 186.7 4
9 2 .3 4 28.06 100.73
107.36 31.83 105 .88
56.46 16.33 54.62
94.16 2 3 .72 95 .97
47.63 12.02 4 9 .3 3
3 1 .7 4 15 .07 47 .10
28.10 13 .0 5 41.90
39.80 7 .0 0 47 .7 5
36 .50 6.95 4 7 .6 8
16.22 8.58 19 .15
13 .33 8.60 17.28
18.30 4.40 22.20
17 .1 0 3 .7 0 2 1 .7 0
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the help, in a few cases, of Dennison’s approximation
(section 4,2.1), so that errors on all frequencies have been 
set at + 0.5 cmT^# There are no other molecules.of this type 
for which it is possible to make any correction, even of an 
approximate nature.
4*5.2 XY^ Molecules
Correction for anharmonicity is only feasible for the
molecules given in Tables 4*15 - 4.16. Rigorously determined
harmonic frequencies are available for NH^ and ND^, although
these have had to be slightly modified, because some,observed
frequencies have been remeasured recently* Similarly, some
of the published harmonic frequencies of the other Group V
hydrides (calculated using Dennison’s Rule and zeta
relationship) have also been adjusted* Details of these
alterations are given at the foot of Table 4*13. The harmonic 14frequencies of have been recalculated using a simple
least squares,adjustment programme of the type explained in 
section 2,2,^, with the obvious replacement of F. . throughoutr jby CJ^.and X^^, Thus, step 2 reads in the trial (aJ ^  and X^ .^ 
values, and the computation of the fundamentals, overtones 
and combinations is carried out in step 3 (Figure 2*2). All,pfrequencies were weighted using « 1/6^ "^" (section 2*2,1), 
where (5j_ is the estimated uncertainty in the i th band centre 
position:
Rotationally analysed bands 0,1 cmT^
Non-rotationally analysed bands, measured to one decimal 
place 1 cmT^
Non-rotationally analysed bands measured to the nearest—1wavenumber 5 cm
The input data and results are presented in Table 4,12*
The anharmonicity constants of ^^NF% are derived from thoseA Ii 0of *"^ NF^  employing equation 4,2, and the resulting harmonic 
frequencies are also included in Table 4.12,
Bearing in mind the accuracies of the various methods 
available for correcting for anharmonicity, a subjective 
assessment of the probable errors in the harmonic frequencies
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Table 4.12 s Data for the Determination of the Harmonic14Frequencies of NF^
Band Observed Calculated
1 1031.91 1031.84
2 647.16 647,16
5 908.4 908.2 9
4 49 3 .4 3 493.35 *No rotational analys:
2 X 984.0 984.00
2 + /|. 1137.58 1137,60 All data from (214)
3 + 4 1399* 1399 .53 except for (215)
1 + 4 1523* 1522,81 and U g  + (222)
2 + 3 1548* 1548.02
1 + 2 1675* 1674.73
2x1^ 1809* 1809.34
1 + 3 1930* 19 2 9 .9 0
2 X 20 58.23 2058.29
1 + 2 + 4 2162.7* 2162.78
3 ^^NF^ (229)
CJ^j 10 52 ,00 1028.26 10 52 .5
Up 664.23 661.59 663.9
3 930 .0 9 907 .23 928.6
6^4 50 7 .56 506.0 7 498.3
^11 - 2 .7 0 -2.58 -2.8
2^2 - 2 .3 0 -2.28 -2.5X33 - 3.62 -3.45 -3.5
^44 - 3 .1 5 -3 .1 3 -0.6
1^2 - 4 .2 7 -4.16 -3.5
^13 -1 0 .2 3 -9.76 -9.9
^14 - 2.39 -2.33 -2.3
^23 - 7 .4 3 -7.22 -6.5
^24 - 2.91 -2.89 —2.4
^34 - 2.11 -2 .0 5 -1.5
Table 4*13 : Frequencies for XY^ Molecules (cm )
Anharmonic
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U u Ref <
HH, 3336.7 950.24 3 4 43 .8 1627.77 X)/] 9 20^
206
NDj 2420.4 74 7 .6 2564.0 1191 205
PHj 2322.9 992.14 2 3 2 7 .7 1118.33 Wj 9 207
^ 9  h)4 208.
H>5 1694 730 1698 (b) 806 20 9,
AsH^
AsD^
2115.19 906.73 2126.41 999 .2 7 210,
1523.1 660.0 1529 .3 7 1 4 .0 212
8bH% 1890.9 781.5(a) 1894.2 830.9(a) 213
8bD% 1558.8 561.1 (a) 1362,0 59 2.5 (a) 213
1031,91 647.16 908.4 493.43 214
215
9 1008,95 644.84(a) 886.34 49 2.0 2(a) 216
Harmonic
*4 U 2 ^ 3 Ref,
NH^ 3506(2) 1021.3(2) ^ 2 ^ 1692(2) 205, d,f
(2?^ ' 2^)*® 2651.6(2) 1225(2) 205, d
2452(5) 1041(5) 2457(5) 1150(5) 218, 6,e
PDy9 '1761 (5) . B ) 1766(5) 822(5) 218, e
AsH^ 2208.3(5) ^5)'^ 2 2 29 .4(5) 1008.3(5) 212, h,0
AsD^ 1 5 7 1 .2(5) (5)*^ 1582,4(5) 718.6(5)
212, e
8bH% 1988.9(5) 197 4 .5(5) 844.5(5) 213, e
SbD^ 1409.4(5) 5J8.5 1403.5(5) 599.5(5) 213, e
10 52 .00(0.5) 664.23(0.5) 93 0 .0 9(0.5) 507 .56(0.5)
1028.26(1) 661,59(2) 907 .23(1) 506.0 7(2)
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Table 4.13 (cont’d)
(a) No rotational analysis.
(b) Estimated by.comparing and for XH^ and XD^, where
X =: N, P, As, Sbo
(c) Essentially indentical to and given by (211),
(d) Prom overtone and combination bands, although two X. 
and four X|^ have been estimated. (205) is considered 
more accurate than (217), where no rotational analysis 
has been performed,
(e) Prom Dennison’s Rule, the Product Rule and the zeta 
relationship.
(f) OJp and calculated using the a^ and a^ values found 
in (205), Original values î OJp = 1021.5, == 1691
(g) CJp and ÜJ^ calculated using the a^ and a^  ^values found 
in (218). Original values : OJp = 1041, = 1154
(h) CJ/| to calculated using a^  to a^ found, in (212). 
Original values : ~ 2209,2, CJ g = 973,3, = 2225*8,
60^ = 1012.1.
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Table 4,14 Molecular Parameters and Masses for XY- 
Molecules
Angle/® Ref Length/X Ref zeta^ Ref zeta^ Ref
NH% 10 6 .67 205 1 ,0124 205 0 ,0422 205 -0 .2 4 8 206
l®3 106.70 205 1 .0108 205 0.1351 205
93 .45 219 1.421 219 0.01 207 -0 .4 4 1 208
PD,2 93.17 219 1 .4 1 7 219AsHg* 91.83 220 1 .5 19 2 220 -0 .0 1 8 210 -0 .4 4 6 210
AsDj 91 .50 220 1.5145 220
S bli-.9 9 1 .70 220 1*7102 220 0 ,01 213 - 0.43 213SbD^ 91 .70 220 1.7075 220
3 102.37 221 1 .3648 221 0 .81 214 -0 .9 0 214
* Essentially identical angle jand length given by (211)
Masses (195) : 14.00307 -15.00011 P 30.97376
As 74.9215 8b 121.7588 H 1.007825
D 2.01410 F 18.99840
Table 4 ,1 5 Î Deviations from the Product Rule for XXj
Molecules
4H?  ^Dlffto % Diffg
NHj 1 . 8418410 1.8106754 1.6921 1.7522417 4.8647PFI3 1.9152373 1.9172998 0 .1 07 7 1.8636621 2 .5 92 9AsHj 1.9608507 1.9670347 0 .3 1 5 4 1,9078972 2 .7005
1.9747179 1.9756350 0,0464 1.9382138 1.8485
1.0277970 1.0271700 0,0610 1.0264563 0 ,1 3 0 4
2% ^tc % Diff ï’e 0 Diff
NH^ 1.8724097 1.8632674 0,4883 1.8356977 1.9607
PH3 1.9477484 1.9464374 0,0673 1,9020600 2 ,3 45 7
AsH^ 1.9755271 1.9768524 0.0671 1.9459824 1 .4955
8bH%9 1.9858024 1.9817786 0.2026 1,9503345 1,7861KPj 1 .0253444 1.0282160 -0.2801 1.0278259 ■-0,2420
*See footnote to Table 4*10
Table 4,16 : a and (CJ - xJ ) values for Molecules
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NHLP
ED^
AsH,
AsD^
8bB%
SbD,
15NP.
NH,
»B,
™ 3ED,
AsH^
AgD^
8bH,
8bD%
15NP5
&1 *2 *3 &4
0 .0 5074 0 .07478 0,03868 0.05946
0.03082 0.06019 0.03417 0,02855
0 ,05558 0,04925 0.05555 0.02832
0 .03955 0.03562 0.04005 0.01955
0.04402 0 .0 7 4 7 4 0.04843 0 .00904
0 ,03158 0 .05500 0 .03472 0.00644
0.05183 0,01843 0.04239 0.01637
0 .0 37 24 0 .01319 0.03047 0,01181
0.01947 0,02638 0.02388 0,02864
Oc01916 0.02598 0 .02357 0.02856
(Wg— (U^- u,
169.30 7 1. 06 133 .30 64.23
74.60 4 5 .0 0 87.60 3 4 .0 0
129.10 48.86 129 .30 3,1.67
67.00 26.00 68,00 16,00
93.11 67.77 102,99 9 .03
48,10 36.30 53.10 4,60
96.00 14,40 80,30 13.60
50.60 7.40 4 1 .5 0 7.00
2 0 .09 17 ,07 21.69 14.13
1 9 .33 16,75 20.89 14.05
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have been made* These errors are printed in brackets, beneath 
each frequency.
4.5.3 Molecules
The harmonic frequencies of several XYy|_ molecules have been 
reported in the literature. However, only for those molecules 
in Tables 4.21 - 4.24 can the harmonic frequencies be conside­
red accux'ate enough for the determination of the harmonic 
force field. The main reason for excluding other molecules 
is that they are non-hydrogen-containing compounds, whose 
frequencies are very low, and have not been determined by 
rotational analysis. The conjunction of these two 
unfavourable factors, discussed in sections 4.2.2 and 4,2.3 
means that th e  calculation of accurate values.for a is 
impossible. As well as this general criticism, there are 
additional points to be made, which are peculiar to each 
molecule.
OsO^ (266)
(i) W  and CJ2 were obtained by deriving a^,and Og from 
solution frequencies, via Dennison’s Rule, and applying 
them to gaseous frequencies,
(ii) CJ% was deduced fioni X. ., which were derived from a 
mixture of vapour and solution overtone and combination 
bands.
(iii)a^ was calculated from a^ and the Product Rule. More 
than the usual uncertainty is involved in the use of this 
method here, since P^ = 1.1079 while P^ « 1*1083 (P^ is 
usually larger than P^). As the authors remark, this 
implies that the approximations they have to use are 
inapplicable, and thus the resulting error could 
manifest itself in a^, a^ or both,
RuO^ (267)
(i) Wxi was obtained from Dennison's Rule and the Product 
Rule.
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(ii) U g  has not been observed and'was therefore estimated 
from the liquid frequency. CJg was calculated using 
from OsO^.
(iii) a^ and were determined using the same method as 
employed for OsO^. The difficulties involving the 
Product Rule value were not present in this case, but 
assuming no errors in the Dennison’s Rule approximation, 
the authors estimate a^  ^= 0.017 + 0.019.
XeO^ (268)
(i) was calculated from Dennison’s Rule and the Product 
Rule.
(ii) iJg has not been observed and was consequently 
estimated from the solid frequency. was calculated 
using Ug from OsO^.
(iii) a^ and a^^^ were determined in what the authors describe 
as ’a more roundabout route*. The results, assuming 
Dennison’s Rule to give accurate values, were s
a^ = 0 .0 2 5 ± 0,01 a^ = 0.01 + 0.01
The harmonic frequencies of SiHy^ , SiD^, GeHy^  and GeD^ given 
in Table 4.21 are basically those reported in the literature, 
although some adjustment has been necessary because of the 
remeasurement of observed frequencies. Details of these 
alterations are given at the foot of the table. The harmonic 
frequencies of the remainder of the molecules have been 
calculated rigorously from overtones and combinations, to be 
found in Tables 4.17 - 4.20, using the same type of programme 
as that, employed for
Again, a subjective estimate of the probable errors in the 
harmonic frequencies are included in the table after 
each frequency.
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Table 4.1? Data for the Determination of the Harmonic 
Frequencies of CHy^
Band Observed Ref. Calculated
1 2916.5 231 2916.45
2 15 33 .6 232 1533.59
5 30 19 .49 233 3019.67
4 1310 .76 233 1310 .50
2601.8* 234 2607 .82
2 + 4 2827.0* 234 2831.32
2 Up 3071.5* 235 30 70 .24
1 + 4 4223.497 236 4223.55
3 + 4 43I6 .5* 234 4319 .29
2 + 3 4546* 235 4543 .72
3 + 2 U 4 5585* 235 5605.73
1 + 3  + 4 5861* 235 5830.57
^ 5 6004.646 237 6004,542 + 2 7514* 235 7519.05
GH^ (This work) GHy^  (230)
6J/| 3151.16 3143
U p 1564.57 1573
3147 .29 3154
60/j. 1367.65 1357
^11 —64.46 —64.6
^22 1.53 0
^33 -17 .40 -1 7 .5Y•^ 44 " 6.59 — 6.0
^12 - 4.21 0
4  3 -64.32 -65.0
1^4- - 3.40 0-
^23 " 9 .5 4 -1 5 .0
^^ 24 -1 2 .77 -11.2-10.88 —12.0
No Rotational Analysis
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Table 4.18 : Data for the Determination of the Harmonic
Frequencies of GD^
Band Observed Ref. Galculated
1 2107.8* 238 2108.39
2 1091.50 238 1092.12
3 2260.09 239 2258.28
4 996.00 240 996,66
1985.8 240 1986.49
2 + 4 2097* 240 2084.72
1 + 4 31 05 .2 240 3105 .15
3 + 4 3255* 240 3248.29
2 + 3 3338* 240 3339.38
3 + 2 U 4 4212* 240 4231.45
1 + 3 4531 * 240 4332.55
^^3 4496.4 240 4496 .722 + 21)^ 5566.7 240 5566.79
1 + 2 U 3 6536.8 240 6536.83
GD^ (This work) GD^ (230)
CJ/| 2225.80 2224
U p 1115.51 1113
2336.04 2333
1024.35 1027
^11 -32 .75 -3 2 .4- 0 .1 2 0
%33 - 9 .9 2 - 9.6Y^44 - 3.42 - 3.4X12 - 0.83 0
^13 -34,14 -3 4 .0
^14 0 .0 9 0
^23 -11.02 — 7 .8
^24 — 4,06 — 6.0
^34 — 6.66 — 6,7
* No Rotational Analysis
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Table 4,19 Data for the Determination of the HarmonicpaFrequencies of ' SiF and
^%iFy^
Band Obs, Calc, ObSo Calc 0 ObSo Calc.
1 800.8* 800.84 800.8 800,93 800.8 801.01
2 264.2* 264.23 264.2 264.24 264.2 264.26
3 1031.8 1031 .19 1022.9 1022.12 1014,4 1013.63
4 389.35 389.81 387.8 388,21 386.35 386.79
777.8 778.23 775.0 775.04 771 .6 77 2 ,2 2
1 + 2 1063.1 1062.98 1063.1 1063.19
3X^4 1165.9 1165.27 1160.7 1160.51 1156.7 1156.29
1 + 4 11 90 .4 1189.91 1188.4 1188.40 1186.8 1187.07
2 + 5 1294 .9 1294.90 1285.7 1285.85 1277 .6 1277 .39
3 + 1803.0 1803.55 1791.3 1791.37 1780.5 1780.14
1 + 3 1825.7 1825.59 1816.9 1816.66 1808,1 1808.32
2 ^ 3 2060.0 2060.09 2041.6 2041.99 2024.5 2025.06
2%iF^
Ux, 836.74 836.74 836•.74
Utg 270.88 270 .88 2701.88
U 3 1043.87 1034.63 1025^99
U 4 399.26 397.57 396• 0O7
^11 -1 1 .5 2
^^ 22 -0.65
%55 -1.14
%44 -0.69-2 .0 9
^15 -6.44
^14 -0 .7 4^23 -0.51
^24 -1.93
^34 -2.93
All data from (241) except for *(242), No rotational analysis29on any band. X.. fori Jprogramme using equation 4.2
'SiF^ and ^%iF^ calculated in the
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Table 4.20 Data for the Determination of the Harmonic
Frequencies of and
12■OF4 15OF4
Band Obs. Ref. Oalc. ObsZ Calc.
1 908. 242 911 .34 9O8 .4 911.80
2 43 4 .5 242 434 .95 434 .5 4 34 .88
3 1282.6 243 1282.92 1241.2 1240.63
4 631.73* 244 631,58 628.8 629.18
1 - 2 467 245 47 6 .39
2 Up 866.8 245 866.58
2XJ^ 1260.9 243 1263.13 1259 ,7 1258 .34
1 + 4 1539,1 243 1542.25 1537.1 1540.32
5 + 4 1913.1 243 1913.21 1867,1 1868.56
3 U 4 1890.5 243 1894.67 1888.4 1887,47
1 + 3 2186.4 243 2185,15 2145.1 2143.61
2U, + ^ 2445,60* 244 2445,56
2195 2562.1 243
^^OF
2562.49
4
2477.8 2478.11
4)1 945 ,56 945.56U)p 440,36 440.36
60?
(-^4
1294 .99 1252.07
631.26 628. SO
11
22
35
44
12
13
14 
23
24
^ 4
-3.69
- 1.66 
— 1.68 
- 0.01 
-12.17 
-9,12 
- 0.66 
1,15 
2.62 
-1.29
* Rotational Analysis, "^ All data from (243).  ^for ^^OF
calculated in the programme using equation 4.2. 4
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Table 4.21 J Frequencies for XY^ Molecules (cm*^)
Anharmonic
A Jjg ^ 3 ^ 4 Eef
SiH^ 2185.7(a) 972 .10 2189.08(b) 913.28 247
SiD^ 1563.2(a) 685.20 1598.45(b) 674.2(a) 247
GeH^ 2110.6(a) 930.60 2111.46 821.00 248
GeD^ 1509.4 (a) 661.30 1522.70 592.7(a) 249
OH» 2916.5 0 1553.50 3019.491 1310.756 0
OD4 2107.8 (a) 10 91.50 2260.09 996.00 e
800.8(a) 264.2(a) 1031.8 (a) 389.55(a) e
800.8(a) • 264.2(a) 1022.9(a) 387.8(a) e
800.8(a) 254.2(a) 1014.4(a) 386.35(a) e
908.4(a) 4 3 4.5 (a) 1282.6(a) 631.75 e
908.4(a) 434.5 (a) 1241.2(a) 628.8(a) e
Harmonic
U 3 , CJ»-
SiHyj^ 2272.9(5 ) 981.8(5) 2310.0 (5 ) 939.3(5) c
SID^ 1607.8(5) 692.9(5) 1674.5(5) 683,1(5) 0
GeH^ 2194.3 (5 ) 945.5 (5 ) 2192.4 (5 ) 848.1(5) c
GeD^ 1552.2(5 ) 668.8(5) 1564.7(5) 606.6(5) c
OH4 3151.16(1) 1564.57(1) 3147.2 9(1) 1367.65(1) d
OD4 2225.80(1) 1115.5 1(1 ) 2356.04(1) 1024.35(1) d
o?^®4 836,74(2) 270.8 8(2) 1043.87(2) 399.26(2) d836.74(2) 270,8 8 (2 ) 1034.63(2) 397.57(2) d
836.74(2) 270.8 8(2 ) 1025.9 9(2 ) 396.07(2) a
]!b?4 945.56(2) 440.36(2) 1294.9 9(2 ) 631.26(2) d
945.5 6(2) 440.36(2) 1252.0 7(2 ) 628.80(2) d
(a) No rotational analysis.
(b) For more recent, but similar data see (250),
(c) a^  and ap from Dennison’s Rule and ’Froduct Rule, a^ and 
ay^  ^from (259).
(d) Determined in this work from overtone and combination 
bands.
(e) For references, see Tables 4,17 - 4.20
Table 4.22 Molecular Parameters and Masses for XYy 
Molecules
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length/% Ref « zeta^ Ref. zeta^ Ref.
SiH^ 1.4806 247 0.008 247 0 ,4 92 247
1.4784 247 0.069 247 0.431 247
GeH^ 1.5251 248 -0.049 248 0 .5 4 9 248
GeDj^ 1.5223 249 -0.031 249 0 .531 249
OH^ 1 .09397 251 0,05583 233 0,46418 233
OD4, 1.0923 238 0,167 238 0.356 238
o ^ “ 4 1.55 252 0.53 253 -0.083 253-0 ,093 253
-0,098 253
? ^ 4 1 .317 254 0.804 253 -0 ,3 4 4 244'’5oF^ 0,820 253
Angle/® ? 109.467
Masses (196) ; 12.00000 '’5c -15.00335 H 1.009
D 2.014-10 27.97693
5°Si 29.97376 Ge 73.9212
Si
F
28.97649
18.99840
Table 4.25 Deviations from the Product Rule for XY^ 
Molecules
^1 4 ^tc # Diffto ?e 9o Diff^
SiH^ 1,4136697 1,4136697 0 1,3982215 1,0928
GeH^ 1,4136697 1.4136697 0 1.3983039 1.0869
oiq
SIH^
1,4136697 1.4157426 -0,1466 1.3836701 2,1221
1.4136697 1,4169432 -0.2316 1.4187098 -0,3565
GeH^ 1.4136697 1,4136697 0 . 1.4072281 0,4556
OH^ 1.4136697 1,4025602 0.7859 1.4050389 O.6IO5
SiH^ 1,8835384 1.8969105 -0 .7 09 9 1.8551444 1*5075
GeH^ 1,9487822 1.9589950 -0.5241 1.9207759 1.4371
GH. 1,7867088 1.7988008 -0,6768 1.7582090 1.595128-29SiF„29 -^0 SiF. 28-30 SIF^
1,0128501 1.0132194 -0.0365 1 .0127324 0.0116
1,0122655 1.0122402 -0 .0025 1.0121638 0.0101
1,0252733 1.0256215 -0 .0339 1.0250511 0.0216
o f/ 1.0350825 1.0383255 -0 .3133 1.0381698 -0.2983
*See footnote to Table 4.10
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Table 4.24 : a and (CO - ) values for XYy^  Molecules
&2 *5 &4
SiH^ 0 ,03990 0.01001(a) 0 .05523(b) 0.02845(b)
SiD^ 0.02854 0.01122(a) 0.04759(b) 0 .01322(b)
GeH^ 0.03967 0.01600 0.03832(b) 0.03297(b)
GeD^ 0.02837 0.01137 0.02760(b) 0.02349(b)
OH4 0.08046 0 .02019 0.04233 0.043400D„ 0.05598 0 .02200 0.03360 0,02846
0.04488 0 .02528 0.01170 0.02545
0.04488 0 .02528 0.01147 0 .02519
5°SiF. 0.04488 0 .02528 0.01143 0.02516
0,04091 0 .0 13 49 0.00966 "0 .00074
0.04091 0 .01349 0 .00876 0
(6J^— ) ( ^ 2““ X^) (U)^-U^) (CJ^-lJ^)
SIH^ 87 .20 9 .7 0 120 .92 26.02
SiD^ 44.60 7 .7 0 76.05 8 .9 0
GeH^ 83.70 14.90 80.94 27 .10
GeD^ 42,80 7 .5 0 42.00 1 3 ,90
OH^ 234.66 5 0 ,9 7 127.80 56.89
OD. 118.00 24,01 75.95 28,35
3 5 .9 4 6 .6 8 12 .07 9.91
^%iF„ 5 5 .9 4 6,68 11.73 9.77
5 5 .9 4 6.68 11.59 9 .7 2
57.16 5.86 12.39 —0 a 47
57.16 5.86 10.87 0
(a) Estimated from OHy^  and GD^, assuming a is proportional 
to the observed frequency.
(b) From (259)
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CHAPTER 5 Calculations
The expressions required for the various calculations are 
given in Tables 5.1 - 5.6. The four programmes written to 
perform the force field calculations are described briefly 
in the following sections. Where necessary, H^O and NH^ have 
been used as examples to show how the P matrix has been 
derived from the output.
5.1 General Force Field
In view of the conclusions of 2.1.1 and 2.1.2, only Goriolis 
and isotopic data were considered satisfactory for 
constraining the force field. Rather than use one of the 
standard programmes for force field calculation, a hybrid 
method was adopted, which combines the graphical and least 
squares methods, incorporating the advantages of both. The 
programme performs a set of calculations represented by the 
flow diagram given in Figure 5.1, for every value of F^p or 
F^^ specified. Thus it is possible to display the complete 
region of allowed solutions to check that there is only one 
minimum per assignment. However, the final force field is 
derived by mathematical weighting of the data, rather than 
by any subjective means.
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Table 5.1 ; Expressions for ^ Matrix, Product Rule and
Goriolis Coupling Constants for XTp Molecules
^Matrix (224)
A/| Species : ~ (1 + cosX) + 1
%x
= -V2sinX 
22 ~ ^ (l. + (1—oosX) )
Species : ”^ 5 3  “ (’’1 - cosX) + ^
Eroduct Rule(3) P 228
^ 1 ^ 2  = i  
U,(J2 2rÇ)
* *00 3 ^ + 2MySin%/2)
i + SMySin'^X /2)
Goriolis Constant(8 )
zeta^j =
( ^ /| -  ^p)
Notation for Tables 5.1 - 5.6
* Denotes the isotopic species
M^ is the mass of the central atom X
My is the mass of atom Y
X is the Y—X-Y inter-bond angle
r is the bond length
M is the molecular mass
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Table 5.2 : Matrices for XY^ Molecules
CtV  s v OV (72)
^11 f +f f r  r r  r iq+2IC2Sin^X/2
^ 1 2 V j ^ ' ^ 2 . sinX
t^2a' ^a ^a K200s% / 2
^ 5 5 ^r“^rr K,
^11
UB (65) F'=-0. 
K+2Esin%/2
1F MV (fra=°)
f +f r  r r
NV (fpp.O)
fp
^ 1 2 0.9F/V sinX/2.cosX/2 0 / s T ^ f r a
^ 2 2 H+ (oos%/2+0.1 sin^X/2 )F fa f a
^ 5 3 K-0.2oos^X/2.F f r " f r r f r
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Table 5*3 : Expressions for y  Matrix, Product Rule and
Goriolis Coupling Constants for Molecules
y  Matrix(225-22?)
Ay, Species : ” Cl + ScosX) + ^
2 — — (1 — cosX) (l + 2cosX)2/M^sinX
-A 22 « 4(1 - cosX)^Cl + 2cosX) +
^  M^sin^X
2(1 + GOsX - 2c08%)
MySin^X
E Species : ^ 5 5  = (1 - cosX)/M^ + 1/My
^^ 24 = Cl - cosX)^/M^sinX
/] /[ — ( (1 — cosX)^ + (2 — cosX — oos^X) )
^  M .sin^X M sin%X y
Product Rule (3) P 252, (225)
w i T s =  / î S i l i» )k I p *
( ^ 5 ^ 4 -  = fnyi*^(3n  ^ + 2 (3M „ -  M ^ )s in % /2 )T j t T  I 'X  J- -I ^ ----#----^ 3^ 4. I M^My^(5M^ + 2(5My - K^)sin^X/2)
Goriolis Constants(65)
zetay^  « (P^^+5Fy^”2P^y^tanX/2) + ^ (B/2A-l)-( y^^ )
zeta^ + zetay^  = (B/2A - 1)
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Table 3,4 ; ^  Matrices for XY^ Molecules
GV 87(227, 228) M7 m MV^^ r*a“^ra“®^
^r*^^rr ^r
^  12 fzb+Zfra 0 2fra 2fra 0
^ 2 2 fa+2faa ^a fa+2faa ^a fa+2faa
V 55 ^r~^rr ^r ^r“^rr ff-frr
^ 5 4 ”^ra "^ra 0
^a~^aa ^a 
07 (This work)
^a“^aa ^a 
UB (65)
^a“^aa
11 E^+4Kgsin2x/2 K+4F3in%/2
^ , 2 K^sinX 2(2'+F' )sinX/2.oosX/2
5^22 EgOos^X/P H-F'sin%/2 + Soos^X/2
K^+K2sin^X/2 K+5I"cos%/2 + ï'sin^X/2
--^ ICgsinZ -(S’'+F)sinX/2.oosX/2
K2Cos%/2 
UB (?:=-0.1P)
H-^»sin^X/2 + Fcos^X/2
^ 1 1 K+4Fsin%/2
'^12 i.aPsinz/a.oosx/a/v4 ^  22 H+(0.'lsin^X/2 + cos% / 2)I’
K+(sin%/2 - 0,3oos% / 2)F
V 54 -0.9SsinX/2.0 osX/2
J 44 H+(0.1sin^X/2 + cos^X/2)F
K/| bonded atom stretch force constant 
IC2 non-bonded atom stretch force constant
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JTable 3,5 : Expressions for ^  Matrix, ïi'oduct Rule and
Ooriolis Coupling Constants for XY^ Molecules
Matrix(237-8)
Axj Species s = 1/My
E Species s *^22 ” 5/My
Tg Species : 4 ^ ^ 1/My + 4/3M^
"ÿ 34 = -8/5M%
1^44 = 2/My + 16/3M%
Product Rule (3) P 255
K  W 3U 4 = ry + 4My)
û %  w ;  4  u ;d ;
Ooriolis Coupling Constants (63)
zeta^ = ™ ^^33 ^ 2^54, ^ 4 4^/My + ^ 3  '*' ^ * ^ ^ 4
zeta^ + zeta^ « 0.3
Table 5.6 Matrices for XY^ Molecules
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^ 1 1
GV(259-260) SV MV'*'(f?r=0) MV'*'(faa=0)
MV'*'
(fra=0)
fp'*'^ frr fr+3frr
^ 2 2 ^a"2^aa+^aa* ^a fa-2faa fa fa"2faa
^  33 ^r~^rr fr fp-flT fr“frr
(^34 (^ra"^ra' ^ 0 /J^fra y j 2 0
^a"^aa' fa fa fa ^a
Kyf
7  /|1 
^ 2 2
^ 3 3
^ 3 4
44
3cosX/2 +
OV (This work)
K^+6K2Sin%/2 
K200s^X/2-K2°
4r . J 2  sinX/2.
+ 2sxn2x/2,K, 
KgSinX + oosX.Kg*^
22
UB (65) ^
E+4F
H-2g'+g- k 
3 3 2jl' r'
K+4(l+I" )/3 
2(F+P')/3
H-2g'+g+ 3k 
3 3 2^2
» 11
5^22
t^33
^ 3 4
44
MUB(H'»0)
K+4F
H-g'/3+I'/3 
K+4(P+F' )/3 
2(ï+F')/3
H-5F'/3+F/3
SUB ■ NUB(H'=0,F'=-0.1F) (F'=-0.1F)
K+4F 
H+1.1F/3 
K+1.2F 
0,6F 
H+0.5F
K+4F
H+0.4F-lî/2j2 a?2
K+1. 2F
0,6F
H+0,4F+3te/2j2 3?2
fc = -r2(H«+2j2 F'/3) Kg° the
linear non-bonded atom stretch force constant, arises from 
redundancy in the internal coordinates (AR) chosen»
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PlgWe 3«1 s Plow Diagram for the Calculation of the GPP
Construct G G
Solve
— —mean—
S % e a n r
— ^ ^calc 
== 5'"=^ ale
Calculate P P* from Print P^2the current
\
Calculate DIFFITOSAI/ = Print
(Ppp*~Ppp) X DIPPTOTAL
Calculate P MEAN p= Print 
^meanll’^ meanP^(F^^+F*^)/2 . (Ppp+P.5p)/2 %
\f
Calculate zêta - from-pi UclJ_0—mean
Calculate VARIANCE =
^  C^obsii"=^calcii^
"''Ç-^ o b  s ii“=^o ale ii ^ 
+C(zeta„^^-zeta^^^^)2xW
Print
VARIANCE
Theoretically5 the method is,not exact, but as long as 
DIPPTOTAD is less than 0.001, the errors involved are 
less than those arising from uncertainties in the 
frequencies*
3.1«1 Isotopic Data Only (HgO)
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The general area of minimum variance is located by- 
scanning from Py|2 = -0,1 to ” 0,1 in steps of 0.01 :
^12
0.300
0.310
0.320
0.330
0.340
0.330
Difftotal
0.00003322
0.00001366
0.00000472
0.00000039
0.00000266
0.00001130
Pg2 Variance
8.33089 0.73916 0.0000126413
8 .33197 0.73979 0.0000062730
8 .33299 0.76046 0.0000022331
8.33393 0.76113 0.0000003133 *
8.33483 0.76187 0.0000011063
8.33369 0.76262 0.0000040033
The accurate force field is found by enlarging the scale in 
the region of the minimum marked by the asterisk - i.e. by 
scanning by 0.001 in P^g* H:ie errors in the force constants 
arising from uncertainties in the frequencies can be found 
by repeating the whole procedure, using modified frequencies, 
as shown below; the ds are the amounts by which the frequencies 
are altered, to allow for uncertainties.
Frequencies ^11 P12 ^22
^1 ^2 ^2
0 0 0 0 8 .3 34 0.331 0.761
-d -d —d -d 8 .3 3 2 0.336 0.761
+d +d +d +d 8.336 0.328 0.762
—d —d +d +d 8 .3 3 2 0 .5 07 0,760
+d +d -d -d 8.336 0.338 0.763
+d -d +d -d 8.336 0.328 0.760
+d -d —d +d 8.336 0.362 0.764
—d +d -d +d 8 .332 0 .303 0.739
-d +d +d -d 8 .3 32 0.337 0.762
By inspection, the force field is :
^11 8 .3 5 4 + 0.002
^12 0 .351 ± 0.031
^22 0.761 + 0 .0 03
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This is the harmonic force field for water, calculated with 
all the diagonal elements of W (the weighting matrix) equal 
to one,
Por all the XY^ molecules, each (OOOO) force constant is 
the mean of the two extreme values calculated by this 
procedure. However, this is not true of the XY^ A species 
force fields, where the errors are asymmetrically distributed 
about the (OOOO) force constants. This arises because of the 
complex relationship between the force constants and 
frequencies, which is only apparent when large increments in 
frequency are considered (d = 5 cm"^ for XY^j d « 0.5 cm~^ 
for XY2 ).
5 .1 .2  Isotopic and Ooriolis Data (NH^)
The output from the programme is identical to that 
illustrated in the previous section, the difference being 
that the variance includes a contribution due to the 
deviation of the calculated zeta coefficients from the 
observed values. The same.procedure is followed to obtain 
errors in the force field, arising from uncertainties in the 
frequencies. In.addition, however, the entire calculation is 
performed twice, once with zeta « l.lzetag^g and then with 
zeta a 0,9zetaQ^g , which gives the errors in the force 
field resulting from + 10^ error in e^'^ s^ obs
Example : The harmonic E species force field of NH^ (W = 1/^ ) 
zeta = lolzeta^^g zeta = 0,9zeta^^^
p^ -, 7 .0 60 + 0 ,0 0 9 7 .027 + 0 .0 09
^54 -0 ,3 13 + 0 .005 -0,158 + 0,005
P44 0.672 + 0 .0 02 0.665 ±  0.002
Prom these, the required force field and errors are :
P^^ 7.044 + 0.026
P^^ -0 .2 36 + 0.083
P^^ 0 .6 6 9 ± 0.006
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All the errors quoted are the ranges within which the force 
field can be constrained; they are not standard deviations.
5,1.3 Problem Molecules
Only two molecules presented any difficulties; these were 
ozone and nitrogen trifluoride.
For ozone, the isotopic data proved to be no constraint at 
all; neither Difftotal nor Variance showed any sign of falling 
to a well-defined minimum* In addition, the force field 
cannot be determined with any precision using Ooriolis data, 
since zeta^^ is so insensitive to changes in the force 
constants. Because of this, no further calculations were 
carried out for ozone*
In the case of nitrogen trifluoride, there are two equally 
satisfactory force fields* The one used throughout this 
study is that confirmed as the correct one by (246)*
5•2 Conventional Approximate Force Fields
The force fields calculated for each molecular type are 
given in Tables 5*2, 5*4 and 5*6; in each case, the parent 
and isotopic molecules were treated separately. The programme 
was written to carry out the process described in section 
2.2.6, and print the variance, symmetry force constants and 
approximate force constants at each cycle. Part of a typical 
output is given below.
Normally the calculation is carried out in three stages. A 
set of approximate force constants is calculated from the 
general force field, and used as input for the first 
refinement with Y = 0.1 (see Fig. 2.2). The output is 
scanned manually to,find the minimum variance, which is 
easily recognisable, since it immediately proceeds the 
repetition of a fixed series of variance values (see output 
example below). Frequently, one run is insufficient to locate 
the minimum, in which case, the lowest variance F matrix is
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Example ; The harmonic Simple Valence force field of HgO (W=1)
Variance F Symmetry Coordinates F Approximate
0.0305972 8 .443 0.000 0 .7 3 0 8.443 8 .443 0,750
0.0305395 8.441 0.000 0 .7 30 8.441 8,441 0,730
0.0305888 8.441 0.000 0.731 8.441 8.441 0.731
0.0305893 8.441 0.000 0 .7 3 0 8.441 8.441 0 .730
0 .0505906 8.442 0.000 0.731 8,442 8.442 0,731
O.O305916 8.440 0.000 0.731 8.440 8.440 0,731
0.0305974 8.441 0,000 0 .7 32 8.4^ 1-1 8.441 0.732
0.0305893 8.441 0.000 0 .7 3 0 8.441 8,441 0,730
O.O3059O6 8.442 0,000 0.731 8.442 8,442 0,731
used as input for an additional run with the same value of Y. 
When the minimum variance is reached, the corresponding 
force field is used as input for the next stage of the 
refinement, with Y = 0.01. The output from this is treated 
as before to find the input for the final run with Y = 0*001.
For the most part, the calculation of the force field using 
this procedure was straightforward, apart from the tendency 
of the non-hydrogen containing molecules to refine very, 
slowly. This indicates that the minimum is very shallow, 
but it is not clear whether this behaviour is characteristic 
of the molecules, or whether it could be avoided by using 
another method of refinement. Unfortunately, this type of 
behaviour has not been discussed in the literature.
For a few molecules, a more fundamental problem was 
encountered. It has been shown (82,83) that when the num b w  
of—feroe constants to.bo oaloula-ted is—reduced-tQ-n, the 
requonoios, there are precisely ni distinct F 
matrix solutions to the eigenvalue problem. In the n-2 cases 
dealt with here, there are thus only two possible force 
fields, corresponding to opposite assignments of normal 
coordinates to observed frequencies. Unfortunately, the 
potential energy criterion (section 3.3.2), currently used 
to determine assignment, cannot always distinguish between 
the two. Consequently, for some molecules e.g. GeH^, both 
force fields lie within the region of the,‘correct* 
assignment, while for others, notably NF^, both belong to the
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opposite assignment from that required. Clearly, until a 
simple, unambiguous definition of assignment becomes 
available, this must remain one of the main disadvantages 
of using this type of force field.
5.3 Zero Variance Force Fields
5„3.1 Stepwise Coupling
The programme written was based on the flow diagram given 
in Figure 3.2, with 7^  « m/m^ and an additional step between 
3 and 4, which normalizes h to G (i.e. makes hlf- G), For. 
all,molecules, F matrices were calculated with m^ - 1, 250, 
500, 750 and 1000. In general, any alteration in F between
m. 750 and 1000 is in the fifth decimal place, which is
more than accurate enough for present purposes. 
Example î The harmonic A, species force field of
^0 F11 Fi2 ^22
1 7.07820 0.00021 0 .45930
250 7.07819 0.00014 0 .43930
500 7.07819 0 .00015 0.43950
750 7.07819 0.00015 0 .43930
1000 7*07819 0.00015 0.43930
F matrices calculated with m^ = 1000 are used throughout this 
study.
5.3*2 Other Zero-Variance Force Fields
All other force fields were calculated from the output of 
one programme, which can be summarized by the flow diagram 
given in Figure 5*2; steps 5 to 9 are carried out for 
each value of A specified (see section.3*3*2). As with the 
calculation of the general force field, two runs are
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Figure 2 s Galeulation of Zero Variance Force Fields
\/
Calculate
F = YÀy'^ G~'^  ( 3 . 3 . 2 ) Print F
Print
F Maxtrace
Calculte F Steep - i,e* the 
value of equation $*$*6
Calculate
G, A  = (^/'1302.85)
Calculate
Calculate (5«3o4)
F Maxtrace = K r ’^^-A-P"^ K*^
0 onstruct
and Y
cosA —sinA
sinA cosA
Solve
and r~^
Calculate ($.$.$)
12
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required* From the first, which scans from -45^ to 4-5° in 
steps of 2°, it is possible to determine the general areas 
of interest* The second run scans these regions in steps of 
0.05°, so that accurate values of A may be calculated for 
the various force fields. Parts of the second run for the 
A species harmonic force field of NH^ are reproduced in 
Figure 5»3, and will be used to illustrate how these 
calculations are performed* Once determined, these values 
of A are used in a final run to give the accurate force 
fields.
(a) (section 5.5.5(c))
•^ min . r c 'j■"12 ^ *'12V'’min-' « -1,25837
Interpolation in column three gives A = 163.705 .
N.B. All interpolation is carried out on the assumption that 
all quantities in columns 2 - 9  vary linearly with A; this 
is true to a high degree of accuracy for such small ranges 
of A.
(b) (section 3.3.3(c))
Fl2(% = 0.20693
Interpolation in column three gives A = 179.664°*
(c) NS (Full) (section 5.5.5(b))
Using F^^ = and F^^ =*^22
^11 ^22 
- 7.08125 = 0.45707
column eight shows the variation of
^ F i ^  = - 7.08123)2 + F^2^ + (^22 “ 0.43707)^
pwith A. A plot of / AF. against A gives the minimum value
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of at A = 177.526?
(d) HS (section 3.3.5(b))
A similar procedure, using column seven, gives a minimum 
value of
- 7.08125)2 + (^22 - 0.45707)2 
at A = 177.711°
(e) IF (section 5.5.1(V))
In general the constraint F^^ = specifies two
S iforce fields; in the present case with F^..^ = 7.08125, 
interpolation in column two gives A = 177#711°or 5*889. For 
none of the molecules was it possible to derive a zero 
variance force field with F^^ =
'22
(f) G Ratio (section 5,5.5(d))
- S a  - 0.07998 : - ®12 = 0.05817
®11 ^22
Four force fields can be calculated from these values by 
interpolation in columns five and six;
= - ii2 (Pggmin) A = 177.889°
^22 &11
!12 = - (F^^max) A = 1.800°
I'll «22
il2 . " ! i2 A = 5.404°
®11 ®11
^12 = A = 177.790°
^22 ®22
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(s) F Maxtraoe (section 5,5*2)
By definition, this is the force field at A = 0°
(h) F Steep (section 5.5,6)
The value of D is taken as (F^^^ - F^^^), where F^^®
c)a .
is.calculated from A, and F^^ from A+0,05; a similar
approximation is made in the determination of Fqo • The
value of equation 5*56 is given o A
in column nine* F Steep occurs where this drops to zero «
in this case at A = 177.050°.
(i) Modified Valence Force Fields
For some molecules, ” 0 and F^^ = F^^ ( T I2 °^ ^ ^ )
are zero variance force fields and'can therefore be 
determined from columns three and two respectively, as a 
check on the results of 5.2, For ammonia F^^ ” 0 is to be 
found at A = 177,526°,
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CHAPTER 6 Results
The force fields are presented in full, but because of 
shortage of space, there has been no attempt to compare them 
with those calculated by other workers *(Units are mdynes/S 
throughout)
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Table 6.1 ; Harmonic General Force Fields w t= i/'x
^ 2 ^11 ^12 F22 ^55
HgO 8.554 +0 .005 0.557 +0 ,055 0,762 +0,005 8.555 +0 ,005
H2S 4 .2727+0 .0 004 0.057 +0 ,005 0.4249+0.0001 4 .2959+0 .0002
H^Se 5.482 +0.002 0 .127 +0.010 0.5555+0 .0009 5.5298+0.0002
NOg 12.670 +0,065 0 .4 4 9 +0.016 1 .159 +0 ,0 0 2 8,898 +0,004
SOg 10 .542 +0.018 0 .5 1 9 +0 .0 1 9 0.8204+0.0005 10.289 +0 ,0 0 9
OlOg 6.945 +0 .0 5 7 0.081 +0.055 0,655 +0 ,005 7.242 +0.007
^11 ^12 ^22
7.022 +0.078 1.100 +0,240 0,625 +0 .092
5 .4 5 6 +0.025  -0.151 -0.060 +O.5O6-0.266 0,525 +0.045-0.005
AsH% 2.855 +0.008-0.586 -0.055 +0,695-0.485 0.285 +0.221-0.004
8bH% 2.261 +0.072-0.784 0.277 +0.425 -0.705 0.250 +0.404-0.057
6.275 +0.569-0.594 0.645 +0 .115-0.006 1.589 +0.155-0.094
^ 5 ^55 F54 F44
NH% 7.044 +0.026 -0 .2 56 +0.085 0.669 +0,006
PH^ 5.466 +0.019 -0 .0 5 8 +0.065 0,577 +0 ,005
AsH^ 2.900 +0 .0 1 7 -0 .015 +0.057 0 ,297 +0.004
SbH^ 2.295 +0 .015 -0.051 +0.047 0.209 +0,0045,424 +0.480 -0.555 +0.190 1 .007 +0,108
X%4 ^11 ^22
SiH^ 5.067 +0.022 0 ,190 +0.005
GeH^ 2.859 +0.018 0 .177 +0 .0 05
0 % 5.888 +0.020 0,488 +0,005
7.857 +0 .0 1 9 0.274 +0,002
OFz, 10.007 +0.022 0,724 +0.004
%?4 F55 F54 F44
SiH^ 5.048 +0.016 0.100 +0.005 0.240 +0 ,0 05
GeH^ 2.807 +0.016 0.100 +0.006 0.209 +0.004
OH^ 5.410 +0.012 0.514 +0.021 0.468 +0,005
8iF^ 6.168 +0.410 0.150 +0.180 0.482 +0,028
GP^ 6.545 +0.755 0.919 +0.211 1,012 +0.060
Table 6,2 î Harmonie General Force Field W = 1/Ov'
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Xl2 ^11 ^12 Fpp F53
HpO 8.356 +0.005 0.548 +0.048 0.765 +0.004 8.555 +0.005
HgS 4.2727+0.0005 0.057 +0.006 0.4249+0.0001 4.2958+0.0002
HgSe 3.482 +0.002 0.127 +0.014 0.5355+0.0015 5,5298+0.0002
NOp 12.758 +0.080 0.475 +0.019 1.156 +0.005 8.898 +0.004
S Dp 10.542 +0.024 O.5I8 +0.024 0,8204+0.006 10.289 +0.009
OlOp 7.007 +0.044 0.141 +0,045 0.629 +0,005 7.242 +0.007
^ 5 ^11 ^12 ^22
NH^ 6.565 +0.155-0.007 2.190 +0.155 -0.005 1.251 +0.001-0.150
PH% 3.453 +0.048-0 .257 -0,125 +0.420-0.550 0,529 +0,090  -0,008
AsH^ 2,798 +0.064-0.720 -0.211 +0,711-0.519 0.504 +0.545 -0.019
SbH^ 2.274 +0.066-0.795 0,251 +0,449-0.701 0.255 +0,411-0.055
NF^ 6.255 +0.704-0.556 0.659 +0.146-0.054 1.596 +0,128 -0,115
^33 F54 F44
NH^ 7.044 +0,026 -0.257 +0.085 0.669 +0.006
FH^ 5.466 +0.019 -0.059 +0.065 0.577 +0.006AsH^ 2.597 +0.517 -0.019 +0.061 0.254 +0.047
SbH,5NF3
2.599 +0,518 -0.028 +0,044 0.255 +0.048
3.429 +0.475 -0.557 +0,187 1.005 +0.106
XY^ ^11 ^22
SiH^ 5.067 +0.022 0.190 +0,005
GeH^ 2.859 +0.018 0.177 +0.005
CH^ 5.888 +0.020 0.488 +0,005
SiF^ 7.857 +0,019 0.274 +0.002
OF^ 10.007 +0.022 0.724 +0,004
XY^ F33 ^54 ^44
SiH^ 5.053 +0.016 0,147 +0,009 0.245 +0.005
GeH^ 2.807 +0.015 0,054 +0.009 0.206 +0.005
OH^ / 5.440 +0.025 0.414 +0.078 0.479 +0.011
81Fz{.6.867 +0.455 0.484 +0 .2 57 0.466 +0.010OF4 7.289 +0.925 1 .1 5 9 +0 .5 15 0,981 +0.027
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Table 6,5 s Anharmonic General Force Fields 
W = 1/9^ W = 1//%^
XYp F^1 1^2 2^2 5^5 1^1 Fip 2^2 F55HpO 7 .4 5 0 -0.455 0.756 7 .8 66 7,690 0.188 0 .715 7.866HpS 5.686-0.541 O.5I8 4.015 5.964-0 ,075 0.409 4 .0 1 5HpSe 5.116-0.5660.575 5.296 5.189-0 .2 5 9 0 ,5 4 4 5.296NOp 12,619 0 .7 52 1 .095 8.58912.484 0.681 1,0968.589SOp 9.964 0.2160.79710.014 10 .05 8 0,280 0 ,7 9 4 10.014oiBp 6,864 0 .255 0.6146.962 6 .7 0 9 0 .0 9 9 0.6206.962
XY3 Fil Fip
NH3 6.524 —0 » 415FH5 2,862-0 .4 7 5AsH^ 2 .5 07 -0 .5 2 0SbH^ 1 .5 27 -0.612NF3 6 .0 5 4 0.604
5^ 5^5NH3 6.556-0 .2 0 5FH5 5 .1 5 7 -0 .025A8H3 2.674 0.004SbH^ 2 .1 3 9 -0 .0 17NF3 5.587-0.528
XX4 Fil
SiH^ 2.868GeH^ 2.6740% 5.161SiF^ 7 .178OF^ 9.256
^ 4 F55 ^54SiH^ 2.757 0 .0 92GeH^ 2.650 0 .0 9 55.021 0.2894^iF^ 6 .0 55 0.126
5 .9 4 7 0,076^^SiF^ 6.026 0 .115OF4 6 .4 7 5 0 .907
^2 2
0 . 4 5 50.4050.404
0.580
1.518
F44
0.6250.558
0 .2 9 2
0.202
0.898
F22
0.186
0.172
0.4680.2600.704
F44
0.250
0 .1 97
0 .4 55
0 .4 52
0 .4 5 9
0 .4 5 4
0,991
Fil 1^2 2^26.165 1.6970,884
5 .1 09 -0.160 0 ,5 0 92.656 0.066 0 .2 5 02,056-0.2620.2285.959 0 .5 92 1 .5 5 2
5^5 F54 F446.556—0 « 2040.625
5 .157 -0.0260.5582.674 0.004 0 .2 92
2 .159 -0 .0 1 7 0,2025.587-0.5280.898
Fil 2^22.868 0.186
2 ,6 74 0 .1 7 25.161 0,4687.178 0.2609.256 0,704
F55 F54 F442.762 0.144 0 ,2 5 42.651 0.064 0 ,1 95
5.075 0 .4 7 9 0.4606.829 0 .515 0 .4 5 7
6.711 0 .4 54 0.456
6 .7 90 0.496 0 .4 5 77.221 1.141 0.955
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Key to XYp Force Fields
1 EE (Amin 5.5.2(a)
2 5.5.2(b)
3 NS (Full) 5.5.2(c)
4- NS (E^^Fgg) 5.3.2(a)
5 PF (nearest to NS (Pull)) 5.5.2(e)
6 EP 5.5.2(e)
7 Fggmln 5.5.2(f)
8 F^^max 5.3.2(f)
9 F.,2/^11 ” - 5.5.2(f)
10 = - «12/^22 5.3.2 (f)
11 8 WO 5.5.1
12 I Maxtraoe 5.5.2(g)
15 F Ma^ctrace 3®5,4
14 F Steep 5-3.2(h)
For the following force fields see Table 5.2* 
a W = 1 b W = l/9\ o W = 1/(\^
15 .SV a
16 SV b
17 SV 0
18 OV a
19 OV b
20 OV 0
21 SUB a
22 SUB b
23 SUB 0
24 MV a
25 MV b
26 MV 0
27 MV a
28 MV b
29 MV 0
^33 values
K, H, P
^rr = 0
^ra = °
14 are identical
Table 6*4 ; Approximate Foroe Fields of HgO
111
Harmonic Anharmonic
^11 ^12 ^22 ^33 ^11 ^12 ^22 F 3 3
1 7.731 -1.056 0.952 8.555 7.045 -0.953 0.885 7.764
2 8,546 0.167 0,752 7.599 0 .152 0.703
3 8 .520 0.000 0.751 7.575 0.000 0.705
4 8.327 0.052 0.750 7.581 0 .030 0 .7 0 2
5 8.527 0.052 0.750 7.581 0.050 0 .7 0 2
6 8.527 0.653 0.798 7,581 0.576 0.746
7 8.532 0.062 0.750 7.586 0.058 0.702-
8 8.354 0,534 0.761 7.606 0.504 0 .7 1 2
9 8.516 0.687 0.808 7.572 0.624 0.754
10 8.526 0 .5 0 0 0.750 7.581 0.028 0.702
11 8.520 0.000 0.751 7.575 0.000 0.705
12 8.550 0.222 0.754 7.605 0.205 0.705
13 8.335 0.586 0.791 7.589 0.532 0.739
14 8.508 -0.055 0.752 7.564 -0 .0 5 0 0,704
15 8.441 0.000 0.751 8.441 7.672 0.000 0 .7 02 7.672
16 8.438 0.000 0.751 8.438 7.670 0.000 0.705 7.670
17 8.458 0.000 0.751 8.458 7.667 0.000 0.703 7.667
18 8.888 0.453 0.248 8.060 8.096 0,451 0.256 7 .3 0 9
19 9.395 1,014 0.555 7.543 8.557 0.937 0.513 6,845
20 10.057 1.585 0.866 7.145 9.166 1.465 0,802 6.489
21 8.290 -0.125 0.756 8.555 7.552 -0.099 0.706 7.764
22 8.284 -0.128 0.756 8.560 7.552 -0.099 0.706 7.764
23 8.284 -0.129 0.756 8.561 7.552 -0,099 0,706 7,764
24 8.458 0.337 0.761 8.458 7.688 0.507 0 ,712 7.688
25 8.455 0.327 0.760 8.455 7.686 0.507 0.712 7.686
26 8.452 0 .5 10 0.759 8.452 7.685 0.507 0 .7 12 7.685
27 8 .5 2 0 0,000 0.751 8,555 7.575 0,000 0.703 7.764
28 8 .5 20 0.000 0.751 8.555 7.575 0.000 0.703 7.764
29 8.520 0.000 0.751 8.555 7.575 0,000 0.703 7.764
Œable 6.5 : Approximate Force Fields of DgO
112
Harmonic Anharmonic
^11 ^12 ^22 ^35 ^11 ^12 ^22 ^35
1 7.592 -0.921 0.935 8.555 7 .097 -0.853 0.888 7.969
2 8.350 0 .512 0.760 7.802 0 .2 9 2 0 .725
3 8.259 0.000 0.757 7.716 0,000 0 .7 22
4 8.285 0.065 0.755 7.738 0,060 0,721
3 8.285 0.065 0.755 7.738 0.060 0.721
6 8.282 1.171 0.920 7.738 1 .093 0.874
7 8.501 0.119 0.755 7.756 0.113 0 .720
8 8.581 0,624 0.792 7.850 0.583 0.755
9 8 .2 50 1.296 0.964 7.689 1.211 0 .9I6
10 8.559 0.561 0.765 7.736 0 .0 5 4 0.721
11 8.260 0.002 0.757 7 .7 17 0.002 0 .7 2 2
12 8.568 0.418 0.768 7.818 0 .5 92 0 ,7 3 2
13 8.522 1.050 0.884 7.775 0,979 0.840
14 8.215 -0.108 0.765 7.673 -0.100 0.728
15 8,416 0,000 0.756 8.416 7.850 0.000 0.721 7.850
16 8.409 0.000 0.757 8.409 7.844 0.000 0 .7 22 7.844
17 8.402 0.000 0.757 8.402 7.859 0.000 0 .7 22 7.839
18 8.956 0.496 0 .272 8.049 8 .3 72 0,480 0.265 7.495
19 9.508 1.069 0.585 7.556 8.887 1.012 0 .5 5 4 7 .057
20 10,115 1,616 0.884 7.162 9 .475 1.533 0.859 6.674
21 8.185 -0.172 0.768 8 .5 5 4 7.648 -0 .1 5 0 0 ,7 3 2 7 .970
22 8.190 -0.168 0.767 8 .5 5 0 7.648 -0 .1 5 0 0 .7 3 2 7 .970
23 8.207 -0.154 0.766 8.539 7.647 -0 .1 5 0 0,731 7 .9 7 0
24 8.474 0.626 0 .7 92 8 .4 7 4 7.904 0.595 0 .757 7.904
25 8,4700 0.612 0 ,7 90 8 .470 7.901 0.598 0.757 7.901
26 8,466 0.611 0 .7 9 0 8.466 7.898 0.598 0 .7 5 7 7.898
27 8.259 0.000 0.757 8.555 7.716 0.000 0 ,7 22 7.968
28 8,259 0.000 0.757 8.555 7.716 0.000 0 ,7 22 7.968
29 8.259 0.000 0.757 8.555 7.716 0,000 0 .722 7.968
Table 6,6 g Approximate Force Fields of HgS 
Harmonic Anharmonic
113
^11 ^12 ^22 ^33 F11 ^12 ^22 ^33
1 4,001 —0,368 0.533 4,296 3.693 -0 .5 19 0 .5 0 2 3.969
2 4.272 0.046 0.425 3.942 0.043 0.403
3 4,268 0.000 0.425 3.938 0.000 0 ,4 0 3
4 4,269 0,010 0,424 3.939 0 .0 0 9 0,403
3 4,269 0,010 0,424 3.939 0 .0 0 9 0 ,4 0 3
6 4,269 0 .1 75 0 ,4 3 2 3.939 0.161 0,409
7 4 .2 7 0 0,018 0,424 3.940 0 .017 0.402
8 4,273 0 ,0 9 2 0,426 3 .943 0,085 0.404
9 4.268 0.183 0 ,4 33 3.938 0 .1 70 0,410
10 4,269 0 .0 09 0.424 3.939 0 ,0 0 9 0,403
11 4,268 0.000 0,425 3.938 0.000 0.403
12 4 .2 73 0.062 0.425 3.942 0 .0 5 7 0 ,4 03
13 4 ,2 7 0 0.163 0,431 3.940 0 .1 5 2 0.408
14 4,264 -0.035 0,425 3 .9 3 4 0 .0 32 0 .4 03
15 4,282 0,000 0,424 4.282 3 .9 5 4 0.000 0.403 3 .9 5 4
16 4.282 0.000 0,424 4.282 3 .9 54 0 ,0 0 0 0,403 3 .9 5 4
17 4 ,2 7 9 0.000 0,425 4 ,2 7 9 3 .9 5 4 0 .0 0 0 0.403 3 .9 5 4
18 4 ,3 2 4 0.337 0 .2 3 0 4 ,0 2 9 4.180 0 .3 1 6 0 .215 3.716
19 4.677 0,567 0,387 3.844 4 .3 2 4 0.533 0.363 3.542
20 4.846 0.756 0 ,5 1 5 3.736 4 ,4 70 0 .7 1 4 0.486 3.423
21 4.267 -0,016 0,425 4,295 3.936 -0.019 0 ,403 3 .9 7 0
22 4,276 -0 .007 0.424 4.288 3.936 -0 ,0 1 9 0.403 3 .9 7 0
23 4 .2 3 9 -0 ,0 2 0 0*426 4 ,2 95 3.936 -0 .0 1 9 0,403 3 .9 7 0
24 4.283 0 ,0 92 0,426 4,285 3.956 0.086 0,404 3.956
23 4,284 0 .1 37 0 .4 2 9 4,284 3.956 0.086 0.404 3.956
26 4,288 0.204 0 ,433 4.288 3.956 0.085 0.404 3.956
27 4,268 0 .0 00 0,425 4.296 3.938 0 .0 0 0 0,403 3 .9 7 0
28 4.268 0 .0 00 0,425 4.296 3.938 0 ,0 0 0 0 ,403 3 .9 7 0
29 4.268 0 ,0 00 0.425 4 .2 9 6 3.938 0 .0 0 0 0.403 3 .9 7 0
Table 6*7 * Approximate Force Fields of
114-
Harmonic Anharmonic
^11 ^12 ^22 ^33 F1I ^12 ^22 ^33
1 3.964 -0.534 0.529 4.296 3.741 -0 .4 9 9 0 .507 4.060
2 4.277 0.089 0.426 4 .0 33 0.084 0.410
5 4.263 0.000 0.425 4.020 0.000 0.409
4 4.266 0.019 0.425 4 .023 0,018 0 .4 0 9
5 4.266 0.019 0.425 4.023 0.018 0 .4 0 9
6 4.266 0.338 0.451 4 .023 0.318 0 .4 3 4
7 4.269 0.036 0.425 4.026 0 ,0 3 4 0.409
8 4.281 0.179 0.431 4 .0 37 0.169 0.415
9 4.262 0.358 0.455 4 .0 19 0.337 0.438
10 4.266 0.018 0.425 4.016 -0 .0 1 7 0.410
11 4.263 0.000 0.425 4.020 0 .0 0 0 0,409
12 4.279 0.120 0.427 4 .0 35 0 .1 13 0.411
13 4,270 0.318 0,448 4 .0 27 0 .2 9 9 0.431
14 4.246 -0.068 0.428 4 .003 -0.065 0.412 -
15 4.279 0.000 0.425 4.279 4.040 0.000 0.409 4.040
16 4.279 0.000 0.425 4.279 4.040 0.000 0.409 4.040
17 4.282 0.000 0.425 4.282 4.040 0.000 0.409 4.040
18 4.547 0.353 0.240 4 .0 3 0 4.296 0.336 0.229 3.802
19 4.707 0.582 0.396 3.854 4.448 0.555 0.378 3.633
20 4.825 0.755 0.514 3.718 4.584 0.726 0 .495 3.518
21 4.258 -0.021 0.425 4 .2 9 5 4.011 -0.028 0.411 4.061
22 4.258 -0.021 0.425 4 .2 9 5 4 .003 -0 .0 3 7 0,411 4.069
23 4.276 -0.006 0.425 4.287 3.999 -0.041 0.411 4 .071
24 4.289 0.199 0.433 4.289 4.049 0.180 0.416 4.049
25 4.288 0.204 0.433 4.288 4.048 0.202 0.418 4.048
26 4.283 0.167 0.431 4.283 4.048 0 .2 0 5 0.418 4.048
27 4.263 0.000 0.425 4.296 4.020 0.000 0.409 4.060
28 4.263 0.000 0.425 4.296 4.020 0.000 0 .4 09 4.060
29 4.263 0.000 0.425 4 .2 9 5 4.020 0.000 0 .4 0 9 4.060
Table 6.8 : Approximate Force Fields of HgSe
115
Harmonic Anharmonic
Fii Fi 2 2^2 3^3 Fii Fi2 ^22 P33
1 3.285 -0.4890.4213,530 3.037—0.4480.399 3 .2 5 92 3.488 0.0150.328 3.224 0.014 0.3145 3.488 0.000 0.328 3.224 0.000 0.3144 3.488 0.003 0.328 3.224 0.003 0.3145 3.488 0.0030.328 3.224 0.003 0.3146 3.488 0.058 0.329 3.223 0.068 0 .3 157 3.488 0.006 0.328 3.224 0.0060.3148 3.488 0.0310.328 3.224 0.0280 .3 149 3.488 0.061 0.329 3.224 0.057 0 .31510 3.488 0.0030.328 3.224 0.0030 .3 1411 3.488 0.000 0.328 3.224 0.000 0.314123.488 0.020 0.328 3.224 0.019 0.31413 3.488 0.056 0.329 3.224 0.0510 .3 1414 3.487 -0.0140.328 3.223 -0.013 0.314153.509 0.0000.3283.509 3.241 0.000 0 .3 1 4 3.24116 3.309 0 .0 0 0 0.3283.509 3.241 0.0000 .3 1 4 3.24117 3.308 0.0000.3283.509 3.241 0,0000.314 3.24118 3.680 0.254 0.177 3.315 3.404 0.2420.1685 .0 5719 3.793 0.437 0.5043.165 3.510 0.4140.288 2 .9 1620 3.887 0.5720.398 3.065 3.606 0.547 0 .3 80 2.821215.486-0.0240.3283.529 3 .221 -0 .0 2 2 0.3143.260223.494 -0.017 0 .3 28 3.323 3.214 -0 .0 3 0 0.3143.267
23 3.501 -0.0080 .3 28 3.513 3.213 -0.0310 .3 1 4 3.26724 3.309 0 .0 3 0 0 .3 28 3.509 3.242 0 .0 3 0 0.314 3,24225 3.309 0.0400.329 3.509 3.242 0.031 0 .3 1 4 3.24226 3,306 0 .1 2 0 0.333 3.506 3.241 0 .0 35 0 .3 1 4 3.241273.488 0.0000.3283.330 3.224 0 ,0 00 0.314 3 .2 5 9285.488 0.0000.328 3.330 3.224 0 ,0 00 0 .3 1 4 3 .2 5 929 3.488 0.000 0.328 3.330 3.224 0 .0 00 0 .3 1 4 3 .2 5 9
Table 6.9 : Approximate Force Fields of
116
Harmonic Anharmonic
^11 ^12 ^22 ^33 F11 ^12 ^22 F.33
1 3.267 -0.476 0.420 3 ,.530 3 .091 —0•447 0.404 3.333
2 3.484 0.030 0.329 3.296 0 .0 2 9 O.3I8
3 3.482 0.000 0.329 3 .2 9 4 0.000 O.3I8
4 3.483 0.006 0.329 3 .2 9 4 0.006 0.318
5 5.483 0.006 0.329 3 .2 94 0.006 0.318
6 3.483 0.115 0.332 3 .2 9 4 0 .1 0 9 0 .3 2 2
7 3.483 0.011 0.329 3 .295 0.011 O.3I8
8 3.483 0.061 0.329 3.296 0 .0 5 7 0 .3 1 9
9 3.482 0.121 0.333 3 .2 9 4 0 .1 15 0 .3 2 2
10 3.483 0.006 0.329 3 .2 94 0.006 0.318
11 3.482 0.000 0.329 3 .2 94 0.000 0.318
12 3.483 0.040 0.329 3.296 0.038 0.318
13 3.483 0.109 0.332 3.295 0 .103 0 .321
14 3.479 -0.028 0.329 3 .291 -0 .0 2 7 0 .3 1 9
13 3.506 0.000 0.329 3.506 3 .313 0.000 O.3I8 3 .313
16 3.506 0.000 0.329 3.506 3 .313 0.000 0.318 3 .313
17 3.507 0.000 0.333 3 .507 3 .313 0.000 O.3I8 3 .313
18 3.685 0.258 0.180 3 .314 3.487 0.251 0 .175 3.126
19 3.800 0. 4^1-0 0 .3 0 7 3.167 3.597 0.424 0 .295 2.987
20 3.893 0.572 0.398 3 .071 3.690 0 .5 5 4 0.386 2.893
21 3.480 -0.027 0 .5 2 9 3.528 3 .2 90 -0 .0 25 0 .3 1 9 3 .3 3 4
22 3.487 -0.020 0 .3 2 9 3 .523 3.283 -0 .0 32 0 .3 1 9 3.340
23 3.495 -0.008 0 .3 2 9 3.508 3 .277 -0 .0 5 9 0 .3 1 9 3.346
24 3.507 0.064 0 .3 3 0 3 .507 3 .3 1 5 0 .0 5 8 0 .3 19 3.315
23 3.507 0.068 0 .3 3 0 3 .507 3.315 0 .0 7 2 0.320 3 .315
26 3.507 0.126 0.333 3 .507 3 .3 1 4 0 .0 7 9 0 .3 20 3 .3 1 4
27 3.482 0.000 0 .3 2 9 3 .530 3 .2 9 4 0.000 O.3I8 3.333
28 3.482 0.000 0 .3 2 9 3 .530 3 .2 9 4 0.000 O.3I8 3.333
29 3.482 0.000 0 .3 2 9 3 .530 3 .2 9 4 0.000 O.3I8 3.333
(Table 6# 10 : Approximate Force Fields of ^^0,
117
Harmonic Anharmonio
^11 ^12 % 2 ^33 F11 ■^ 12 ^22 ^35
1 12.072 0.200 1.186 8 .901 11.436 0..240 1 .1 5 9 8.398
2 14.361 1.535 1.142 15.703 1.446 1.116
5 12.890 0.532 1.129 12 .145 0.526 1.110
4 12.890 0 .5 3 2 1 .1 2 9 12*145 0.526 1,110
5 12.890 0 .5 3 2 1 .1 2 9 12.145 0.526 1.110
6 12.890 4.562 2 .722 12 .145 4 .2 7 5 2 .5 92
7 13 .711 0 .9 3 4 1 .107 12.951 0.936 1.087
8Q 13 .533 3 .0 7 0 1.526 14.636 2.892 1 .4 7 4y
10 11.983 0.169 1 .193 11 .409 0 .2 2 9 1.162
11 12.256 0.261 1 .1 7 2 11 .507 0.265 1 .153
12 13 .334 2.400 1.306 14.452 2 .2 73 1 .271
13 13.426 3.314 1.726 14.537 3 .3 03 1.659
14 14.124 4.371 2.363 13 .342 4 .0 93 2.245
13 8.914 0.000 1 .9 7 4 8 .9 1 4 8 ,405 0.000 1.881 8.405
16 9 .177 0.000 1.577 9 .1 77 8.583 0.000 1.585 8.583
17 9 .3 0 4 0,000 1.362 9 .3 0 4 8.887 0.000 1.366 8.887
18 15 .666 2.044 0.613 8.845 14,795 1 .9 3 4 0.579 8 .3 4 2
19 16.653 2.369 0 .7 10 8 .7 4 7 13 .723 2 .2 39 0 .671 8.251
20 18.640 2.941 0.881 8.825 17.348 2.763 0.829 8 .3 1 9
21 14.495 1.482 1 .1 3 6 8.901 13.626 1.385 1.110 8.398
22 14.495 1.482 1.136 8,901 13.629 1.386 1 .1 0 9 8.398
23 14.489 1.480 1 .1 3 6 8 .9 02 13.642 1.391 1.110 8.393
24 8.901 -0 .5 09 1.633 8.901 8.398 -0,426 1 .5 94 8.398
23 8.901 -0 .5 09 1.633 8.901 8.398 -0,426 1 .5 9 4 8.398
26 8.901 -0 .5 09 1.633 8.901 8.398 -0.426 1 .5 9 4 8.398
27 11 ,472 0.000 1.244 8.901 10.698 0.000 1 .2 3 4 8.398
28 11 .472 0,000 1.244 8.901 10.698 0.000 1 .2 3 4 8.398
29 11 .47 2 0.000 1.244 8.901 10.698 0.000 1 .2 3 4 8.398
Table 6.11 : Approximate Force Fields of
Harmonic Anharmonio
118
I'll Fi2 ^22 ^33 Fii ^12 ^22 ^33
1 11.961 0.141 1.194 8.895 11.371 0.177 1.167 8.381
2 14.542 1.469 1.145 13.559 1.390 1.119
3 12.821 0.507 1.132 12.133 0.500 1.112
4 12,821 0.507 1.132 12.133 0.500 1.112
3 12.821 0.507 1.132 12.133 0.500 1.112
6 12.821 4.441 2.550 12.133 4.182 2.533
7 13.565 0.910 1.112 12.863 0.893 1.092
8o 15.225 2.937 1.503 14.407
2.780 1 .456
9
10 12.185 0.227 1.175 11.491 0.223 1.157
11 12.197 0.252 1.173 11.522 0.235 1.154
12 15.059 2.288 1.296 14.236 2.175 1.263
13 15.116 3.387 '1.702 14.307 3.198 1.641
14 13.784 4.270 2.357 13.076 4.018 2.247
15 8.913 0.000 2.017 8.913 8.387 0.000 1.949 8.387
16 9.265 0.000 1.521 9.265 8.658 0.000 1.543 8.658
17 9.571 0.000 1.334 9.571 8.965 0.000 1.335 8.96518 15.391 1.965 0.589 8.833 14.598 1.880 0.563 8.323
19 16.557 2.286 0.685 8.729 15.499 2.179 0.653 8.229
20 18.509 2.852 0.855 8.791 17.295 2.698 0.808 8.29221 14.500 1.452 1.140 8.895 13.530 1.364 1.116 8.381
22 14.294 1.451 1.141 8.895 13.531 1.365 1.116 8.381
23 14.294 1.450 1.140 8.896 13.538 1.367 1.116 8.379
24 8.895 "0.577 1.640 8.895 8.381 -0.502 1.611 8.381
25 8.895 -0.577 1.640 8.895 8.381 -0.502 1.611 8.38126 8.895 -0.577 1.640 8.895 8.381 -0.502 1.611 8.381
27 11.565 0.000 1.233 8.895 10.861 0.000 1.219 8.381
28 11.565 0.000 1.233 8.895 10.861 0.000 1.219 8.381
29 11.565 0.000 1.233 8.895 10.861 0,000 1.219 8.381
119
16,Table 6.12 : Approximate Force Fields of S
Harmonic Anharmonio
^11 ^12 ^22 ^35 ^11 ^12 ^22 ^35
1 9.143 -0.542 0.949 10.296 8.888 -0.530 0.919 10.012
2 10.899 0.990 0.859 10,598 0.963 0.831
3 10.235 0.214 0.823 9.952 0.207 0.797
4 10.235 0.214 0.823 9.952 0.207 0.797
3 10.235 0.214 0.825 9.952 0.207 0.797
6 10.235 3.403. 1.950 9.952 3.310 1.893
7 10.432 0.402 0.819 10.144 0.389 0,792
8 11.208 1,980 1.098 10.899 1.926 1.064
9 7,868 3.867 2.965 7.657 3.762 2.879
10 10.158 0.146 0.827 9.878 0.141 0.800
11 10.033 0.043 0.835 9.757 0.041 0,808
12 11.096 1.393 0.930 10.790 1.354 0,901
13 11.033 2.658 1.400 10.729 2,586 1.358
14 9.145 3.773 2,473 8.890 3.671 2.403
15 10.190 0,000 0.826 10.190 9.910 0.000 0.799 9.910
16 10.164 0.000 0.837 10.164 9.885 0.000 0,810 9.885
17 10.137 0.000 0.839 10.137 9.859 0.000 0.812 9.859
18 11.463 0.636 0.263 9.925 11.141 0.616 0.255 9.653
19 12.667 1.382 0.572 9.527 12,313 1.341 0.555 9.071
20 14.022 2.210 0.914 8.681 13.625 2.144 0.887 8,443
21 9.668 -0.226 0.872 10.295 9.396 -0.222 0,845 10.013
22 9.682 -0.220 0.870 10.292 9.376 -0.231 0.847 10.018
23 9.680 -0.220 0.871 10.291 9.568 -0.236 0.847 10.025
24 10.296 0,270 0.821 10.296 10.012 0.262 0.794 10.012
25 10,296 0.270 0,821 10.296 10.012 0.262 0.794 10.012
26 10.296 0,270 0.821 10.296 10,012 0.262 0,794 10.012
27 9.978 0.000 0.840 10.296 9.704 0.000 0.813 10.012
28 9.978 0,000 0,840 10.296 9,704 0.000 0.813 10.012
29 9.978 0.000 0.840 10.296 9.704 0.000 0,813 10.012
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18,Table 6,13 : Approximate Force Fields of S Og
Harmonic Anharmonio
^11 I'l2 ^22 ^53 I'll ^12 ^22 ^33
1 9.131 -0.469 0.942 10.281 8.908 -0.464 0.912 10.017
2 11.011 1.074 0,866 10,750 1.049 0.838
3 10.223 0.235 0.825 9.980 0.227 0.797
4 10.225 0.235 0.825 9.980 0.227 0.797
5 10.223 0.235 0.825 9.980 0.227 0.797
6 10.223 3.624 2.104 9.980 3.540 2.048
7 10.461 0.442 0.820 10.210 0.427 0.792
8 11.381 2.148 1.142 11.111 2.097 1.107
9 7.210 3.888 3 .259 7.053 3.803 5.172
10 10.124 0.157 0.830 9.884 0.151 0.802
11 9,989 0.056 0.839 9.754 0.053 0.811
12 11.251 1.519 0.950 10.983 1.482 0.920
13 11.199 2.827 1.462 10.932 2.762 1.421
14 9,395 5.872 2.488 9.165 3.785 2.426
15 10.164 0.000 0.826 10.164 9.910 0.000 0.799 9.910
16 10.131 0.000 0.841 10.131 9.880 0.000 0,813 9.880
17 10.097 0.000 0.844 10 .097 9.849 0.000 0.816 9.849
18 11.558 0.678 0.281 9.919 11.271 0.663 0.274 9.669
19 12.800 1.433 0.593 9.336 12.477 1.395 0.577 9.106
20 14.125 2.248 0.930 8.692 13.759 2.185 0.904 8.479
21 9.436 —0.304 0.89? 10.280 9.244 -0.279 0.864 10.01822 9.436 -0.303 0.898 10 .279 9.299 -0.255 0.857 10.007
23 9.438 -0.303 0.898 10.279 9.340 -0.236 0 ,854 9.995
24 10.281 0.283 0.822 10.281 10.017 0.258 0.796 10.017
25 10.281 0.283 0.822 10.281 10,017 0.25s 0.796 10.017
26 10.281 0.283 0.822 10.281 10.017 0.258 0.796 10.017
27 9.911 0.000 0.845 10.281 9.679 0.000 0.817 10.017
28 9.911 0.000 0.845 10.281 9.679 0.000 0.817 10.017
29 9.911 0.000 0.845 10.281 9.679 0.000 0.817 10.017
Table 6*14 î Approximate Force Fields of GIO2 
Harmonic Anharmonio
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F11 Fi2 ^22 ^33 F11 ^12 F22 ^53
1 6 .3 07 -0.365 0 .7 17 7,,247 6 .0 7 7 -0.343 0 .701 6,.966
2 7.431 0.655 0.649 7 .150 0 .6 30 0.635
3 7 .023 0 .1 5 4 0.629 6.759 0 .1 5 0 O.6I7
4 7 .023 0 .1 5 4 0.629 6.759 0 .1 5 0 O06I7
5 7 .023 0 .1 5 4 0.629 6.759 0.151 0.617
6 7.023 2 .2 5 9 1 .352 6.759 2.171 1 .3 10
7 7.156 0.288 0.625 6.889 0.282 0.613
8 7.626 1 .3 1 0 0.801 7.339 1.260 0.781
9 5.675 2.612 1.976 5 .4 4 9 2.508 1 ,9 15
10 6 .9 7 4 0.108 0.631 6 .710 0.106 0.619
11 6.883 0 .0 3 0 0 .638 6.621 0 .0 2 9 0.626
12 7.557 0 .9 2 5 0.694 7.273 0 .892 0.679
13 7 .505 1.780 1 .0 07 7.224 1.711 0.979
14 6 .225 2 .5 4 9 1 .7 4 9 6.000 2.446 1.688
15 7 .1 07 0.000 0.625 7 .107 6.833 0.000 0.614 6,.833
15 7 .075 0.000 0.638 7 ,.075 6.802 0.000 0.626 6,.802
17 7.043 0.000 0.640 7 .043 6.777 0.000 0.625 6,.777
18 7 .9 20 0.426 0.182 6 .927 7.635 0.420 0.180 6 .655
19 8 .743 0 .9 7 0 0.416 6.478 8.424 0.942 0.404 6,.225
20 9.669 1.562 0.669 6 .023 9.326 1.516 0.649 5.787
21 6.399 -0 .3 15 0.701 7.245 6 .1 29 -0.311 0 .692 6.967
22 6.399 -0.314 0 .7 02 7.244 6.106 -0 .3 22 0.695 6 .971
23 6 .5 20 -0.258 0.687 7 .215 6 .0 9 9 —0 .3 26 0.696 6.976
24 7.247 0.393 0.627 7.247 6.966 0 .3 7 0 O.6I5 6.966
25 7.247 0.393 0.627 7.247 6,966 0 .3 7 0 O.6I5 6.966
26 7.247 0.393 0.627 7.247 5.966 0 .3 7 0 O.6I5 6 .966
27 6.847 0.000 0.641 7.247 6,586 0.000 0,629 6.966
28 6.847 0.000 0.641 7.247 6.586 0.000 0.629 6 .966
29 6.847 0.000 0.641 7.247 6.586 0.000 0.629 6.966
Table 6.15 : Approximate Force Fields of ^*^010^
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Harmonic Anharmonio
Fii ^1 2 3'2 3^3 F11 F12 ^22 3^3
1 6.299.-0 .5 86 0 .7 2 0 7.236 6.083 -0,3640 ,7 0 6 6.958
2 7.385 0.6280.647 7 .122 0,6060,6363 7.011 0.1470.629 6 ,7 62 0 ,145 0.6184 7.011 0.1470.629 6.762 0.1450.6185 7.011 0.1470.629 6.762 0,1450,6186 7.011 2.1811.304 6.762 2.1011.2687 7.132 0.2750,626 6.882 0.271 0,6158 7.563 1.2560.788 7.296 1.2120 .7 7 29 5.812 2.5601.883 5,599 2.4641.828106.967 0.1050.631 6 .7 1 9 0 .103 0.621116.881 0.0260,637 6.634 0.0260.627127.500 0.8850.689 7 ,235 0.8560.676137.447 1.7230.987 7.184 1.6590.962146.144 2,5131.741 5.937 2.4161,684157.099 0.0000.6277 .0 9 9 6.832 0.000O.6I7 6.832167.069 0.0000.6377.069 6,805 0,0000.6276. 805177.059 0.0000.6397 .0 39 6.777 0.0000.6296.777187.877 0.4130 .1 7 7 6 .913 7,609 0,4120 .1 7 7 6,646198.685 0.9530,4086.461 8.384 0 ,9 2 9 0.3986.214209.616 1.5460.6626 .0 07 9 ,2 94 1 .5 02 0.6445,787216.465 -0.2870.6917 .235 6 ,2 3 9 -0,2680.6796.96022 6 .5 00 -0 .2 70 0.6867 .2 2 7 6.206-0.2830.6836,96623 6 .5 22 -0 .2 5 9 0.6847,220 6.208-0,2820.6826.967247.256 0.4020.6287.236 6.958 0.363O.6I7 6.958257.236 0,4020.6287,236 6.958 0.3630,6176.958267.236 0.4020.6287.236 6.958 0.363O.6I7 6.958276.851 0,0000,6407,236 6.604 0.0000,6306.958286.851 0.0000.6407.236 6,604 0,0000,6306.958296.851 0.0000,6407,256 6.604 0.0000.6306.958
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Key to XY^ Force Fields 
1 — 14 See P 110
For the following force fields see Table 5=4 
a W = 1 b W = V'X 0 W = ^
15 sv a16 sv b
17 sv 018 m a
19 m b20 m c
21 m a
22 m b
23 m c24 m a
25 m b26 m c
27 ov a28 ov b
29 ov c
50 UB a
31 UB b32 UB 0
33 SUB a34 SUB b
35 SUB c
r^>a “ ^aa “ °
K, H, F, F'
K, H, F (F' = -0.1F)
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Sable 5.16 : Harmonic Approximate Force Fields of NH,
1^1 Fi2 2^2 3^3 3^4 4^41 6.486-1.2380,7246.770-1.0260.8592 7.103 0.2070.4446.979-0.1690.6673 7.078 0.0000.4596.942 0.0000.6664 7.081 0.0180.4596.953-0,0400,6653 7.081 0.0180.4596,953 —0.0400.6656 7.081 0.8060.531 6.953-0.6530.7257 7.084 0.0550.4596.962-0.0760,6658 7.114 0.4140.461 6.992-0,5390.6789 7.109 0.5690,485 6.901 -0.7860.760107.082 0.0260.4596.951 -0.0520.65611 7.078 0.0000,4596.942-0.0000,666127.108 0.2400,4466.987-0.2550.670136.927 1.3280.7036.976-0.5280.705147.070—0.0460.440 6 .9 1 2 Op 0900,670157.006 0.0000.6157.006 0.0000.615167.006 0.0000,5657.006 0.0000,565177.011 0.0000.5087.011 0.0000,508186.694—0,9660.6056,694 0,485 0,726196.694—0,9660.605 6,694 0.4850.726206.709"0.9380.5946,709 0.4690,725216.889 1.4120.7406.931 -0.7060,740226.889 1.4120.7406.931 -0.7060.740236.888 1.4100.7406.930-0.7050.740247.078 0.0000.4596.942 0.0000.666237.078 0.0000.4596.942 0.0000,666267.078 0.0000,4596.942 0,0000.666277.642 0.5550.2056.528-0.2760.206288.278 1.1470.4275.967-0.5730.427299.447 1.731 0.6445.959-0.8660.644306.878 1.4580.7456.926-0.719 0 .7 45316.878 1.4580.7456.926-0,719 0 ,7 4 5326.830 1.4150.7426.976-0,7070.742337.088 0.0590.6156,949-0.0290,615347.067 0,041 0.5646.969-0,021 0.564357.020 0,0070.5087.005 -0.0050.508
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Table 6.17 : Anharmonio Approximate Force Fields of NH^
Fii Fi2 2^2 3^3 ?34 4^41 5.872 -1.1460,659 6 ,275 -0 .9 52 0,7772 6.456 0.1870.5846.469-0.157 0.6I75 6.411 0.0000.580 6 .4 55 0.0000,6174 6.414 0.0160,580 6 .4 45 -0 ,0 57 0.6165 6.414 0.0160.580 6 ,4 45 -0 .0 57 0,6166 6.414 0.731 0.465 6 .445 -0.5870,6697 6.416 0.0500.580 6.453 -0 .0 70 0.6168 6.444 0.5750.4005.481 -0 ,5 1 4 0,6289 6.459 0.5150.4206.597-0.728 0 .705106.415 0.0220.580 6 .445 -0 .0 50 0.615116.411 0.0000,580 6 .4 55 -0.001 0,617126.458 0.216045866,476-0.2180,620156.274 1.2060.621 6 c466-0 .4 9 0 0.651146.405 -0.0450.581 6 .4 07 0.0820,620156.424 0.0000.561 6.424 0.0000.561166.424 0.0000.5056.424 0,000 0 .5 05176.425 0.0000.455 6 ,4 25 0,000 0 .455186.451 0.2220.588 6,451 -0,111 0.616196.452 0.2440.588 6 .4 52 -0.1220,616206.452 0.2460.588 6 .4 52 -0 .125 0,616216.205 1.3520.6896.418-0,6760.689226.204 1.3540.689 6 .4 17 -0.6770,689236.199 1.3540.6896.418-0.6770.689246.411 0.0000.580 6 .455 0.000O.6I7256.411 0.0000,580 6 .455 0.0000,617266.411 0,0000.580 6 .455 0.0000,617276.957 0.462 0 .1 7 2 6.028-0 .2 50 0 ,1 72287.545 1.0240.581 5.480-0 .5 1 2 0.581298.570 1.5660.585 5.414-0.7850,585306.192 1.3780.695 6 .415 -0,6890.695316.199 1.361 0.692 6 ,4 1 7 -0.681 0.692326.198 1.3580.691 6.422-0.6790.691336.405-0.015 0,562 6 .4 56 0.0060.562546.405-0.013 0 ,5 0 5 6 .4 5 7 0.006 0 .5 05354.812-0.9650.629 7 .0 9 2 0.4820.629
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Sable 6.-18 : Harmonic Approximate Force Fields of ÎD3-
1^1 F,2 ^22 F33 P34 F44
1 6.277 *"•1 ,049 0.689 7.044 -1.196 0 .8 6 62 7.040 0 .5 55 0 .4 7 6 7 .1 33 -0.326 0.669
3 6.948 0.000 0.464 7 .0 0 2 -0.000 0.6674 6.960 0 .0 57 0,465 7 .0 5 9 -0 .0 7 4 0,664
3 6,960 0 .0 57 0.465 7 .0 5 9 -0 ,0 74 0 , 6546 6.961 1.365 0 .7 30 7 .0 5 9 -1.206 0.870
7 6.972 0 .0 7 2 0.465 7.068 -0 .1 59 0.6638 7.071 0.711 0 .5 27 7.176 -0 .652 0 ,7 10
9 7.034 1 .0 90 0.627 6.881 -1,445 0.98210 6.964 0 .0 47 0.465 7 .0 5 3 -0,060 0,66411 6.949 0.001 0.464 7.004 -0.005 0,66612 7.051 0.426 0,485 7 ,1 5 9 -0 .449 0.680
13 6.809 1.693 0.894 7.120 -1,013 0,80014 6.914 -0 .0 92 0.467 6.904 0.160 0.680
15 6,978 0.000 O.6I5 6.978 0.000 0,61516 6.979 0.000 0 .5 72 6.979 0.000 0 .5 7 2
17 6.980 0.000 0 .5 30 6.980 0.000 0 .5 5 018 7.045 0 .2 5 0 0.468 7.045 -0 .125 0.665
19 7.051 0.200 0.465 7.051 -0,100 0.66520 7.009 0.120 0.465 7 .0 0 9 -0,060 0.66421 6.976 1,318 0.711 7 .177 -0,659 0,71122 6.976 1,318 0.711 7 .1 7 7 -0,659 0,711
23 6.087 -1.220 0 .7 4 4 6.498 0,610 0 ,7 7 424 6.948 0.000 0.464 7 .0 02 0.000 0,667
25 6.948 0.000 0.464 7.002 0.000 0,66726 6.948 0.000 0.464 7.002 0.000 0.667
27 7.673 0.511 0 .1 9 0 6,642 -0.256 0 .19028 8.401 1 .1 39 0,424 6 .105 -0.569 0.424
29 9,536 1 .7 34 0.645 6.041 -0,867 0,64530 6.967 1 .3 44 0.716 7 .1 77 -0.672 0.716
31 6.969 1 .327 0 .7 1 4 7,181 -0,665 0 .7 1 432 6.961 1 .520 0 .7 1 2 7 .192 —0,660 0 .7 12
33 6.932 -0.028 O.6I5 6,999 0.014 0.61534 6.908 -0.046 0 .5 7 4 7.016 0 .025 0 .5 7 4
35 5.441 -0.870 0.675 7 .497 0 .4 55 0.675
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Table 6.19 ? Anharmonio Approximate Force Fields of ND^
Fii Pl2 ?22 ^33 ^54 F44
1 3.905 "0.997 0.626 6.587 -1 .1 17 0.8162 6.626 0.334 0.424 6.669 -0 .505 0.653
3 6.540 0,000 0,415 6 .5 47 0.000 0.6504 6.531 0.053 0,412 6,582 -0 .0 70 0.628
5 6.531 0.053 0,412 6.582 -0 .0 70 0.6286 6.531 1.284 0.664 6.582 -1 .1 27 0.820
7 6.561 0.064 0.412 6.610 -0 .1 52 0.6278 6.654 0,669 0 .4 73 6 .7 10 -0.610 0 .6 7 0
9 6.621 1.022 0.565 6 .455 -1.351 0 ,9 2 510 6.554 0,041 0,412 6.576 -0 .0 57 0.62811 6.540 0.000 0.415 6,548 -0 .005 0,65012 6,656 0,399 0 .451 6.694 -0.420 0,645
13 6.407 1.599 0,820 6,658 -0.946 0 ,7 5 4
14 6,508 -0.087 0.416 6 ,4 55 0 .1 50 0,645
13 6.545 0,000 0 .5 7 2 6 ,545 0,000 0 .5 7 216 6,546 0,000 0.526 6.546 0.000 0,526
17 6.548 0,000 0,478 6,548 0.000 0.47818 6.657 0.560 0 .4 5 4 6,657 -0.280 0.651
19 6,657 0.560 0 ,453 6.657 -0.280 0.65020 6,656 0.560 0 ,453 6.656 -0.280 0,650
21 6.538 1.318 0.679 6 .7 0 9 -0.659 0.679
22 6.537 1.322 0.680 6.708 —0,661 0.680
25 6.533 1.318 0.679 6 ,7 10 -0,659 0.67924 6.540 0.000 0.415 6 .5 4 7 0.000 0 .6 50
25 6.540 0.000 0.415 6 .5 4 7 0,000 0,650
26 6.540 0.000 0.415 6 ,5 47 0.000 0.650
27 7.210 0.492 0.185 6.218 -0,246 0,18528 7.886 1 ,0 7 4 0.599 5 .7 22 -0.537 0.599
29 8.923 1.628 0,606 5.640 —0.814 0.60650 6,546 1 .5 00 0.676 6 .7 09 -0,650 0.676
31 6.544 1.313 0.678 6 .7 05 -0.657 0.678
32 6.551 1.319 0.679 6.691 -0.659 0.679
33 6.531 —0.008 0 .5 7 2 6 .5 4 9 0,004 0 .5 7 2
34 6 .5 0 0 -0 .0 2 9 0 ,5 2 7 6 .5 7 0 0 .0 1 5 0 .327
33 4.912 —0 .902 0.649 7.045 0.451 0.649
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Sable 5.20 : Harmonie Approximate Force Fields PHj
^11 ^12 ^22 ^33 ^3 4 P44
1 3.255 -0 .4 7 0 0.414 3.249 -0 .5 7 4 0 ,5 002 3.475 0 .055 0.325 3.466 -0 .0 50 0 .5 7 4
5 3.469 0.000 0 .5 22 3.464 0,000 0 .5 7 44 3.471 0.010 0 .5 2 2 3.465 -0 .0 07 0 .5 7 4
3 3.471 0.010 0 .5 2 2 3.465 -0 ,007 0 .3 7 46 3.471 0.201 0 .3 5 4 3.465 -0.114 0.577
7 5.472 0 .0 1 9 0 .5 2 2 3,465 -0,015 0 .5 7 48 3.477 0.106 0 .5 2 5 3.467 -0,060 0 ,5 7 4
9 3.470 0 .2 0 5 0 .5 5 4 3.464 -0.125 0,57810 3.470 0.010 0 .5 2 2 3.465 -0.006 0 ,5 7 411 3.469 0.000 0 .5 22 3.464 0,000 0 .5 7 412 3.476 0.069 0 .525 3.467 -0.041 0 .5 7 4
13 5.471 0.196 0.533 3.465 -0,106 0.57714 3.462 —0.044 0.524 3.461 0 ,0 5 0 0 .5 7 4
13 3.467 0.000 0 .5 4 9 3.467 0.000 0 ,5 4 916 3.467 0.000 0 .5 4 7 3.467 0,000 0 ,3 47
17 3.467 0.000 0 .5 4 4 3.467 0.000 0 ,3 4 418 3.465 -0 .0 5 4 0 .3 2 5 3.465 0 ,0 17 0 ,5 7 4
19 3.465 -0 .0 54 0 .325 3.465 0 .0 17 0 .5 7 420 3.465 -0 .0 5 4 0 .5 25 3.465 0 ,0 17 0.57421 3.389 0.456 0.591 3,446 -0.228 0,59122 3.389 0 ,4 56 0.591 3.446 -0.228 0.591
25 3.389 0.456 0.591 3,446 -0.228 0.59124 3.469 0.000 0 .5 2 2 3.464 0,000 0 ,5 7 4
23 3•469 0.000 0 ,5 2 2 3,464 0.000 0 .3 7 426 3.469 0.000 0 .3 2 2 3a 464 0.000 0 .5 7 4
27 3.753 0.572 0 .1 7 5 3.160 -0,186 0 ,17528 3.947 0.659 0.501 2.929 -0 .5 1 9 0.501
29 4.522 0.861 0.406 2.949 -0.451 0,40650 3.377 0 .4 7 7 0,396 3. 411-2 -0 ,2 5 9 0,596
31 3.580 0.469 0 .5 9 4 3.446 -0 .2 55 0 .5 9 432 3.385 0.461 0 .5 9 2 3.450 -0.251 0 ,5 92
33 3.470 0.004 0 .5 4 9 3.464 -0,002 0 .5 4 934 3.469 0 .005 0 .5 4 7 3.464 -0,001 0 .5 47
33 3.461 -0 .005 0 .5 4 4 3.472 0 ,0 05 0 .5 4 4
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Table 6.21 : Anharmonio Approximate Force Fields of PH,
Fii Fi2 ^22 ^33 ^54 ^44
1 2.904 -0.421 0.375 2.974 -0.445 0.455
2 3.120 0,095 0.295 3,111 -0 .027 0.353
3 3.113 0.000 0.293 3.109 0.000 0.3534 5.115 0.009 0.293 3.110 -0,007 0.353
5 3.115 0.009 0.293 3.110 -0.007 0.3536 3.115 0.180 0.505 3.110 -0.102 0.357
7 3.116 0,017 0.293 3.110 -0.015 0,3538 3.120 0.095 0.295 3.112 -0,054 0.554
9 3.114 0.184 0.504 3.109 -0,110 0.55710 3.115 0.009 0.293 3.110 -0.006 0.55311 3.113 0.000 0.293 3.109 0.000 0.55312 3.120 0.062 0.293 3.112 -0,057 0.354
13 3.115 0,176 0.505 3.110 -0.094 0.55614 3.107 -0.039 0.294 3.106 0.028 0,554
15 3.111 0.000 0.525 3.111 0.000 0.52516 3.111 0,000 0 .521 3.111 0.000 0,521
17 3.111 0.000 0.517 3.111 0.000 0.52118 3.109 -0,024 0.293 3.109 0.012 0.353
19 3.109 -0.020 0,293 3.109 0.010 0.55320 3.110 -0.012 0.295 3.111 0.006 0.55321 3.014 0.456 0.572 3.086 -0,228 0.57222 3.012 0.460 0.573 3.084 —0,250 0.373
23 3.011 0,460 0.573 3,086 -0.250 0.37324 3.113 0.000 0.293 3.109 0,000 0.553
25 3.113 0.000 0,293 3.109 0,000 0.35326 3.113 0,000 0.293 3.109 0.000 0.553
27 3.376 0.544 0,162 2.827 -0.172 0.16228 3.552 0.585 0.275 2.620 -0,292 0.275
29 3.906 0.792 0.373 2.645 -0.596 0.573
30 3.000 0.479 0.578 3.085 -0.240 0.378
31 3.001 0.472 0.576 3.086 -0,256 0,576
32 3.002 0.467 0.575 3.092 -0,254 0.575
33 3.115 0,004 0,324 3.109 -0.002 0.52434 3.113 0.002 0.521 3.110 -0.001 0.521
35 3.111 0,000 0.317 3.111 0.000 0.517
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Table 6.22 ; Harmonic Approximate Force Fields of PD^
Fii ^12 ^22 F33 F34 1*44
1 3.208 -0,424 0,402 3.337 -0 ,5 3 0 0 .4 7 52 3.495 0,100 0,520 3.469 -0 ,0 5 9 0.377
3 3.473 0.000 0.519 3.461 0,000 0.3774 3.479 0.019 0.519 5.465 -0,014 0.576
5 3.479 0.019 0.519 3.465 -0,014 0,5766 3.479 0.578 0.560 3.465 -0.222 0 .591
7 3.485 0,057 0.519 3.465 -0.026 0.5768 3.502 0.200 0,528 3 .471 -0.118 0,580
9 3.472 0,401 0,566 5.461 -0 ,253 0.59310 3.478 0.018 0,519 3.465 -0 .015 0,377
11 3.473 0.000 0.519 3.461 0.000 0.57712 3.500 0.153 0.522 3 .4 7 0 -0.080 0.577
13 3.485 0.353 0,554 3.465 -0 ,2 0 9 0.58914 5.445 -0,088 0.524 5.448 0 ,0 5 7 0,579
15 5.467 0,000 0.548 3.467 0,000 0,54816 3.467 0,000 0,546 3.467 0.000 0,546
17 3.467 0.000 0.545 3.467 0.000 0 .5 4518 3.458 -0.046 0 ,5 21 5.458 0 .0 25 0.578
19 3.458 -0.046 0.521 3.458 0 ,0 2 5 0,578
20 5.462 -0.026 0.520 5.462 0 ,015 0.577
21 5.457 0.494 0.594 3.458 -0 .2 4 7 0 .5 9 422 3.457 0.494 0.594 3.458 -0,247 0 .5 9 4
25 3.455 0.494 0.594 3 .4 5 9 -0 .2 47 0 .5 9 424 3.473 0.000 0,519 5.461 0,000 0.576
25 3.473 0.000 0.519 3.461 0.000 0.57626 3.473 0,000 0.519 5.461 0.000 0.576
27 3.799 0.594 0.187 3 .173 -0 .1 9 7 0.18728 4.005 0.657 0.511 2.965 -0,528 0.511
29 4.559 0.872 0.412 2,977 -0.456 0,41230 3.245 -0.588 0.591 3.396 0 ,1 9 4 0.591
31 3.241 -0.597 0.593 3.391 0 .1 9 9 0,59332 3.265 -0.599 0.593 5.366 0.200 0,393
33 3.476 0.008 0.548 5.460 -0.004 0,54834 3.475 0.007 0.545 5.461 -0.004 0 ,5 45
35 3.465 -0.002 0.545 5.468 0.001 0 .545
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Table 6.25 î Anharmonio Approximate Force Fields of H>^
Fil 1^2 2^2 3^3 ^5 4 F441 2.969-0.592 0 .5 7 4 5.086-0,485 0 ,4522 3.234 0,092 0 .2 9 9 3 .2 0 7 -0 .053 0,5623 3.214 0,0000,298 3 .1 9 9 0.0000.5624 3.219 0,018 0 .2 9 7 5 .2 0 2 -0 .0 15 0,5623 3.219 0,018 0 .2 97 3.202-0 .015 0,5626 3.219 0,5840.533 3.202-0,2040.3737 3.225 0 .0 5 4 0 ,2 97 3 .205 -0 .0 25 0,5628 3.240 0.185O.506 5 .2 0 9 -0 .1 09 0.5659 3.215 0 .371 0.541 3 .1 9 9 -0 .2 17 0,577103.219 0 .0 1 7 0,2973.201 -0,0120,56211 3.214 0.0000,2983.199 0.0000,562123.257 0 ,1 25 0 ,5 00 5.208-0 .0 7 4 0,565133.225 0 ,5 2 7 0 .5 30 3 .2 05 -0 ,1 9 2 0.373143.186-0 ,0 0 5 0 .5 0 2 3.188 0 .053 0,564135.206 0.000 0 .5 30 5.206 0.000 0 ,5 3 0163.206 0,000 0 .3 27 5.206 0.000 0 .5 2 7173.206 0.0000.5245.206 0.0000.524183.193-0 .0 5 6 0 ,5 00 3 .1 9 3 0,0280.565195.193-0 ,0 5 4 0 .5 00 3 .1 9 3 0 .027 0,565203.196-0 .0 5 2 0 .5 00 3.196 0,0260.56521 3.133 0 .3 10 0.585 3 ,1 9 2 -0 .255 0.585223.136 0.5060.584 3 .1 9 2 -0.253 0.584253.138 0,5060.584 3 .191 -0 .253 0.584243.214 0,0000,2983.199 0,0000.561233.214 0.0000.298 3 .1 9 9 0,0000.561263.214 0.0000,298 3 .1 9 9 0.0000,561273.319 0 .5 72 0.176 2 .9 2 9 -0.1860.176283.712 0,618 0 .2 92 2.733 -0 ,5 0 9 0 ,2 9 2294.053 0.825 0.589 2.731 -0.411 0.589302.936-0.4050.581 3.128 0.205 0.58131 2.935-0.408 0.5825.126 0.2040.582322.952—0,415 0.5853.119 0 .2 07 0.585333.213 0 .0 05 0 ,5 3 0 3.202-0 ,005 0 ,5 3 0343.205-0.002 0 .5 27 5.208 0,001 0 ,5 2 7333.201 —0 a 004 0 .5 25 5.210 0.002 0 ,5 25
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Table 6.24 : Harmonic Approximate Force Fields of AsH^
?11 ^12 ^22 ^33 ^54 ^44
1 2.689 -0.396 0.360 2.765 -0.416 0.573
2 2.860 0.019 0.284 2.911 -0.010 0 ,2 9 5
3 2.859 0.000 0.284 2.911 0.000 0 .293
4 2.859 0.004 0.284 2,911 -0,002 0 ,293
3 2.859 0.004 0.284 2.911 —0 « 002 0 .2 93
6 2.859 0.071 0.286 2.911 -0.058 0 .293
7 2.860 0 .0 07 0.284 2.911 -0.004 0 .295
8 2.860 0.037 0.284 2,911 -0.020 0 .2939 2.859 0.073 0.286 2,911 -0.041 0 .2 95
10 2.860 0.004 0.284 2.911 -0,002 0 ,295
11 2.859 0.000 0.284 2.911 0.000 0 .293
12 2.860 0.025 0.284 2.911 -0.014 0 ,293
13 2.860 0.069 0.285 2.911 -0,056 0 ,293
14 2.858 -0.018 0.284 2.910 0.012 0 ,2 9 5
15 2.885 0.000 0.289 2.885 0.000 0,289
16 2.885 0.000 0.289 2.885 0.000 0.289
17 2.884 0.000 0.289 2.884 0,000 0,289
18 2.886 0.038 0.284 2.886 -0.019 0,296
19 2.886 0.038 0.284 2.886 -0.019 0,296
20 2.885 0.040 0.284 2.885 -0.020 0.296
21 2.844 0.178 0.297 2.907 —0.089 0.297
22 2.843 0.180 0.297 2.906 —0 o 090 0 .2 9 7
23 2.843 0.180 0.297 2.906 -0 .0 9 0 0 ,2 97
24 2.859 0.000 0.284 2.911 0,000 0 .2 93
23 2.859 0.000 0.284 2.911 0.000 0 .2 93
26 2.859 0.000 0.284 2.911 0.000 0 .2 9 3
27 3.089 0.290 0.140 2.640 -0.145 0,140
28 3.231 0.509 0.246 2.445 -0 .2 54 0.246
29 3.303 0.680 0.329 2.451 -0.540 0 .5 2 9
30 2.825 —0.166 0.298 2.902 0.085 0.298
31 2.284 -0.166 0.298 2.901 0,085 0,298
32 2.284 -0.166 0.298 2,901 0.083 0.298
33 2.859 -0.026 0.289 2,908 0,015 0.289
34 2.859 -0.026 0.289 2,908 0.015 0.289
33 2.859 -0.026 0.289 2.908 0 ,015 0.289
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Table 6.25 : Anharmonio Approximate Force Fields of AsE
I'll ^12 ... ^22 ^33 ^34 ^44
1 2.465 -0.569 0.517 2.518 -0.571 0.559
2 2.624 0.017 0.246 2.648 -0.009 0.290
5 2.625 0.000 0.246 2.648 0,000 0.290
4 2.625 0.005 0.246 2.648 -0.002 0.290
5 2.625 0.005 0.246 2.648 -0,002 0.290
6 2,625 0,065 0.247 2.648 -0.055 0.290
7 2.624 0.006 0.246 2.648 -0.004 0.290
8 2,624 0.054 0.246 2.648 -0.019 0.290
9 2.625 0.067 0.247 2.648 -0.057 0.290
10 2.625 0.005 0.246 2.648 -0.002 0.290
11 2.625 0.000 0.246 2.648 0,000 0.290
12 2.624 0.027 0.246 2.648 -0,013 0.290
13 2.624 0.065 0.247 2.648 -0.053 0.290
14 2,622 -0.017 0.246 2.647 0.012 0.290
15 2.656 0.000 0.268 2.656 0.000 0.268
16 2.656 0.000 0.266 2.656 0,000 0,266
17 2.655 0.000 0.264 2.655 0.000 0.264
18 2,656 0.050 0.245 2.655 -0,015 0.290
19 2.656 0.020 0.245 2.656 -0.010 0.290
20 2.656 0.012 0.245 2,656 •—0 , 006 0.290
21 2.532 0.544 0 .502 2,625 -0.172 0,502
22 2.532 0.544 0.502 2.625 -0.172 0.302
23 2.528 0.548 0.505 2,624 -0.174 0.505
24 2,625 0.000 0.246 2.648 0.000 0.290
25 2.625 0.000 0.246 2.648 0.000 0.290
26 2.625 0.000 0.246 2.648 0.000 0.290
27 2.828 0.276 0.154 2.400 -0.138 0.154
28 2.953 0.475 0.250 2.218 -0.237 0 .2 5 0
29 3.224 0.645 0 .5 1 2 2.226 -0.322 0.512
30 2.477 -0.553 0.508 2.615 0.176 0,508
31 2.479 -0.546 0.507 2.616 0.173 0.507
32 2.481 -0,542 0.505 2,621 0.171 0.505
33 2.619 -0.017 0.269 2.651 0.009 0.269
34 2.618 -0.018 0.266 2.652 0 .0 09 0.265
35 2.616 -0.020 0.264 2.653 0.010 0.264
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Sable 5,25 : Harmonic Approximate force fields of AsD,
I'l ^12 ^22 I'3 5^4 4^4
1 2 .672 -0.5770.353 2.736-0,4220.577
2 2.859 0.0360.281 2 .8 9 2 -0 .020 0 .2 9 83 2 .8 56 0 .0 0 0 0.281 2.891 0 .000 0.2984 2.857 0.0080.281 2.891 -0.004 0 .2 9 83 2.857 0.0080.281 2.891 -0.004 0 .2 98
6 2.857 0.1580.2872.891 -0.075 0 .5 0 07 2.857 0.0140.281 2 .892 -0.008 0 .2 9 8
8 2.860 0.0730.282 2.893 -0.0400.2999 2 .8 5 6 0.1460.288 2.891 -0.080 0 .500
10 2.857 0.0070.281 2.891 -0.004 0 .2 98
11 2 .8 56 0 .000 0.281 2.891 0 .0 0 0 0 .2 98
12 2.860 0.0490.281 2 .892 -0.027 0 .2 9 8132.857 0.151 0.286 2 .8 92 -0.071 0 .5 0014 2 .8 5 0 -0 .0 58 0.2820.282 0,0250.299132.873 0 .0 00 0.2892.873 0 .0 0 0 0.289162.873 0 .000 0.2892.873 0 .0 00 0.289172.873 0 .000 0.2892.873 0 .0 00 0.28918 2 .8 76 0 .078 0.285 2 .876 -0.039 0 .2 9 819 2 .8 76 0.0840.285 2 .8 76 -0.042 0 .2 98
20 2 .8 7 6 0.0880.285 2 .8 76 -0.044 0 .2 9 8
21 2.829 0 .2 5 8 0 .5 0 6 2 .8 86 -0.129 0 .5 0 6
22 2 .8 32 0 .252 0.505 2 .8 8 6 -0.1260.50523 2 .8 3 2 0 .2 52 0.505 2 .8 8 6 -0.1260.30524 2 .856 0 .000 0.281 2.891 0 .000 0 .2 9 825 2 .8 56 0 .0 00 0.281 2.891 0 .0 0 0 0 .2 9 826 2 .8 5 6 0 .0 00 0.281 2.891 0 .0 00 0 .2 9 8273.093 0 .502 0.147 2.628-0.151 0.147285.240 0 .5 18 0 .2 5 2 2.442-0 .2 5 8 0 .2 5 2293.505 0.6850.5342.450-0.5420.534302.767-0 .2 50 0.309 2 .8 70 0.1250.30931 2.769-0.259 0 .5 0 8 2 .876 0.119 0 .5 0 8322.770-0.228 0 .5 0 6 2.881 0.114 0 .5 0 6332.855-0.0180.2892.889 0.0090.289342.855-0.0180.2892.889 0.0090.289332.854-0.0190.2892.889 0.0090.289
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Table 6.2? ; Anharmonio ApproxImate Force Fi<
Fil Fi2 ^22 ^53 ^54 ^44
1 2.309 -0.559 0.521 2.576 -0.389 0.367
2 2.687 0.054 0.252 2.701 -0 .0 1 9 0 .2 9 4
5 2.684 0.000 0.252 2 .7 0 0 0.000 0 .2 9 4
4 2.684 0.007 0.252 2.701 -0.004 0 .2 9 4
3 2.684 0.007 0.252 2.701 -0.004 0 .2 9 4
6 2.684 0.150 0.258 2.701 -0 .0 70 0 .296
7 2.685 0.015 0 .2 52 2.701 -0.008 0 .2 9 4
8 2.688 0.068 0 .253 2 .7 02 -0 .057 0 .293
9 2.684 0.157 0 .2 59 2 .7 0 0 -0 .0 74 0.296
10 2.684 0.006 0 .2 5 2 2.701 —0 *004 0 .2 9 4
11 2.684 0.000 0 .2 5 2 2 .7 00 0.000 0 .2 9 4
12 2.687 0.045 0 .253 2 .7 0 2 -0 .025 0.293
15 2.685 0.124 0.258 2.701 —0 0 066 0 .2 5 6
14 2.678 -0.055 0 .2 53 2.698 0.022 0 .2 9 5
13 2.692 0.000 0 .273 2.692 0.000 0 .2 73
16 2.692 0.000 0 .2 7 2 2.692 0.000 0 .2 7 2
17 2.692 0.000 0 .2 7 0 2.692 0.000 0 .2 7 0
18 2.694 0.096 0.256 2.694 -0.048 0 .2 9 5
19 2.694 0.104 0.256 2.694 -0 .0 52 0 .2 9 5
20 2.694 0.104 0.256 2.694 -0 .0 52 0 .2 9 5
21 2.612 0.548 0.306 2.684 -0 ,1 7 4 0.506
22 2.612 0.548 O.3O6 2.684 -0 .1 74 0.506
23 2.609 0.532 0 .5 0 7 2.684 -0.176 0 .5 0 7
24 2.684 0.000 0 .2 5 2 2 .7 0 0 0.000 0 .2 9 4
23 2.684 0.000 0 .2 5 2 2 .7 00 0.000 0 .2 9 4
26 2.684 0.000 0 .2 52 2 .7 0 0 0.000 0 .2 9 4
27 2.902 0.291 0.142 2 .4 5 4 -0.145 0.142
28 5.059 0.494 0,241 2.278 -0.247 0.241
29 3.301 0.660 0.521 2.285 -0 .5 30 0 .321
30 2.517 -0.549 0 .5 1 4 2.661 0 .1 7 4 0.514
31 2.522 -0.538 0.511 2.667 0.169 0.311
32 2 .5 22 -0.551 0 .5 1 0 2.674 0.165 0 .5 1 0
33 2.678 -0.015 0 .2 7 4 2 .705 0 .007 0 .2 7 4
34 2.678 -0.015 0 .2 7 2 2 .705 0 .007 0 .2 7 2
53 2.670 -0.022 0 .2 7 0 2 .7 1 0 0.011 0 .2 7 0
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Table 6.28 ; Harmonic Approximate Force Fields of SbH^
^11 ^12 ^22 F33 ^54 ^44
1 2,191 -0.545 0.257 2 .1 7 4 -0 .5 34 0 .2 7 0
2 2.331 0.009 0.191 2 .2 95 -0 .005 0.208
3 2.331 0.000 0.191 2.293 0.000 0.208
4 2.331 0,001 0.191 2.293 -0.001 0.208
3 2.531 0,002 0,191 2 .2 95 -0,001 0.208
6 2.531 0.056 0,191 2 .293 -0 .0 1 9 0,208
7 2.531 0.005 0.191 2 .2 9 5 -0.002 0.208
8 2.531 0,019 0,191 2.287 -0.098 0 .2 15
9 2.531 0.057 0.191 2 .2 95 -0.020 0.208
10 2.531 0.002 0.191 2 .295 -0 .0 0 9 0.208
11 2.531 0.000 0.191 2 .295 0.000 0.208
12 2.551 0.012 0.191 2 .2 9 5 -0 .0 07 0.208
15 2.331 0.056 0.191 2.293 -0.018 0.208
14 2.530 -0.011 0.191 2 .293 0 .0 0 7 0.208
13 2.513 0.000 0 .1 9 9 2 .3 13 0.000 0 .1 9 9
16 2.513 0.000 0 .1 9 9 2 .513 0.000 0 .1 9 9
17 2.513 0.000 0.198 2 .513 0.000 0.198
18 2.280 0.244 0.222 2.280 -0.122 0.216
19 2.281 0.242 0.221 2.281 -0.121 0 .2 15
20 2.258 0,510 0.241 2.258 -0 .1 53 0.220
21 2.288 0.222 0 .2 15 2.285 -0.111 0.215
22 2.290 0.220 0 .2 15 2.284 -0.110 0 .2 15
23 2.290 0.220 0 .2 1 5 2.284 -0.110 0 .215
24 2.531 0.000 0.191 2 .2 95 0,000 0,208
23 2.531 0,000 0.191 2 .2 9 5 0.000 0.208
26 2.331 0.000 0.191 2 .295 0.000 0.208
27 2.467 0.225 0 .1 0 9 2.120 -0.112 0 .1 09
28 2.568 0.584 0.186 1.973 -0 .1 9 2 0.186
29 2.736 0.498 0.242 1.966 -0.249 0.242
30 2.285 -0.197 0.212 2.282 0.098 0.212
31 2.285 -0.197 0,212 2.282 0.098 0.212
32 2.283 -0.197 0.212 2.282 0.098 0.212
33 2.530 0.018 0.200 2.296 -0 .0 0 9 0.200
34 2.531 0.019 0 .1 9 9 2.296 -0 .0 0 9 0 .1 99
33 2.330 0.018 0.199 2.296 -0 .0 0 9 0 .1 9 9
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Table 6.29 : Anharmonio Approximate Force Fields of SbH^
Fii Fi2 ^22 F33 ^54 ^44
1 1.982 -0.306 0.243 2.002 -0 .5 0 4 0.258
2 2.107 0 .0 0 9 0.184 2,112 -0 .0 05 0.201
3 2.107 0,000 0.184 2.112 0.000 0.201
4 2 .107 0.001 0.184 2.112 -0.001 0.201
3 2.107 0.001 0.184 2,112 -0.001 0,201
6 2,107 0 ,0 3 3 0.184 2.112 -0 .0 1 7 0.201
7 2.107 0 .0 0 3 0.184 2,112 -0.002 0.201
8 2 .107 0 .0 1 7 0.184 2.112 -0 .0 0 9 0.201
9 2.107 0 .0 3 4 0.164 2.112 -0.018 0.201
10 2.107 0.001 0.184 2.112 -0.001 0.201
11 2 .1 07 0.000 0.184 2.112 0.000 0.201
12 2.107 0.011 0.184 2 .1 13 —0,006 0.201
13 2.107 0 .0 3 2 0.184 2,112 -0.016 0.201
14 2.106 -0.011 0.184 2,112 0 .0 0 7 0.201
13 2.110 0.000 0 .193 2.110 0.000 0 .193
16 2.109 0.000 0 .1 92 2 ,1 0 9 0.000 0 .1 9 2
17 2.109 0.000 0 .1 92 2 .1 0 9 0.000 0 ,1 92
18 2.110 0.010 0,183 2.110 -0 .0 05 0.201
19 2.110 0.010 0.183 2.110 -0 .005 0.201
20 2.110 0,024 0.184 2.110 -0.012 0.202
21 2 .070 0.196 0.206 2 .105 -0.098 0.206
22 2.071 0 ,1 92 0 ,2 05 2,104 -0.096 0 .2 05
23 2.073 0.184 0.204 2 .1 05 -0 ,0 92 0.204
24 2 .107 0.000 0.184 2.112 0.000 0.201
25 2 .107 0.000 0.184 2.112 0.000 0.201
26 2 .107 0.000 0.184 2.112 0.000 0.201
27 2 .250 0 .2 0 5 0 .0 9 9 1.933 -0.102 0 .0 9 9
28 2.346 0.338 0 .1 7 4 1.793 -0 .1 7 9 0 .1 7 4
29 2.518 0 .4 7 3 0 .2 29 1,788 -0,236 0 .2 2 9
30 2 .053 -0 .1 9 4 0 ,2 07 2 .0 9 9 0 .097 0 ,2 0 7
31 2 .053 -0 .1 9 4 0 .2 07 2 .0 9 9 0 ,0 97 0 .2 0 7
32 2 .053 -0 .1 9 4 0 ,2 07 2 .0 9 9 0 .097 0 .2 07
33 2.104 -0.006 0 .193 2 .115 0 .005 0 .1 93
34 2.104 —0.006 0 .1 9 2 2 .1 1 5 0 .005 0 .1 9 2
33 2.103 -0 .0 0 7 0 .1 92 2.116 0.004 0 .1 9 2
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Table 6*30 : Harmonic Approximate Force Fields of SbD^
Fii ^12 ^22 ^33 ^54 ^44
1 2.174 -0.532 0,255 2,182 -0.539 0 ,2 7 2
2 2 .522 0.019 0,191 2.298 -0.010 0,208
3 2.521 0.000 0.191 2.298 0.000 0.208
4 2.521 0.005 0.191 2,298 -0,002 0,208
3 2.521 0.005 0 .191 2.298 -0.002 0.208
6 2.521 0.071 0 .1 9 4 2.298 -0,058 0 ,2 0 9
7 2.521 0.006 0,191 2.298 —0•004 0.208
8 2.522 0 .0 5 7 0 ,1 9 2 2 .2 9 9 -0,020 0.208
9 2.321 0 .073 0 .1 9 4 2,298 -0.040 0 ,2 0 9
10 2.521 0 .005 0 .191 2.298 -0.002 0,208
11 2.521 0.000 0.191 2,298 0,000 0.208
12 2.522 0.024 0 .1 9 2 2 .2 9 9 -0.015 0,208
13 2.521 0.069 0 ,1 93 2,298 -0 .0 56 0 ,2 0 9
14 2.518 -0.025 0 .1 9 2 2.297 0.014 0.208
13 2.509 0.000 0.200 2 .5 09 0.000 0.200
16 2.309 0.000 0.200 2 .3 0 9 0.000 0.200
17 2.309 0.000 0,199 2 .5 0 9 0,000 0 .1 9 9
18 2.294 -0.122 0 ,1 9 9 2 .2 9 4 0,061 0.211
19 2.295 -0.118 0.199 2,295 0 .0 5 9 0,211
20 2.293 —0,116 0 ,1 9 9 2 .293 0.058 0,211
21 2.294 0,202 0.212 2,291 -0.101 0,212
22 2.291 0.208 0 ,2 15 2.291 -0,104 0 .215
25 2.291 0.208 0 .2 15 2.291 —0.104 0 .215
24 2.521 0.000 0 .191 2.298 0,000 0.208
23 2.521 0,000 0.191 2,298 0.000 0.208
26 2.521 0.000 0 .191 2,298 0.000 0.208
27 2.468 0 .225 0 .1 0 9 2,121 -0.112 0 ,1 0 9
28 2.373 0.585 0,187 1.978 -0 ,1 9 2 0.187
29 2.739 0,498 0,242 1.969 -0,249 0.242
30 2.247 -0 .2 50 0.218 2,281 0,115 0,218
31 2.249 -0 .217 0 .2 1 7 2,287 0.108 0 .2 17
32 2.250 -0.211 0.216 2,291 0 .1 05 0.216
33 2.521 0.012 0.200 2 .2 9 9 -0.006 0,200
34 2 .5 20 0,011 0.199 2 ,299 -0 .0 03 0,199
33 2.521 0.012 0,199 2.299 -0,006 0 .1 99
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Table 6*51 ; Anharmonio Approximate Force Fields of SbD^
F/J1 ?12 ^22 ^33 ^54. ^44
1 2.022 -0,506 0.245 2 .0 55 -0.516 0.265
2 2.158 0 .0 17 0.187 2,165 -0 .0 0 9 0,205
3 2.157 0.000 0.186 2.164 0.000 0 ,205
4 2.157 0 .005 0.186 2.164 -0.002 0 .205
3 2.157 0 .003 0,186 2.164 -0.002 0 .205
6 2.137 0.066 0.188 2,164 -0 .0 53 0,204
7 2.157 0.006 0.186 2.164 -0.004 0 ,205
8 2.158 0 .0 55 0,187 2.164 -0 ,0 1 9 0.204
9 2.157 0.068 0,189 2,164 -0 .0 5 7 0.204
10 2.157 0 .0 05 0.186 2.164 -0.002 0 .205
11 2.137 0.000 0.186 2.164 0,000 0 ,205
12 2.138 0 ,025 0,187 2,165 -0,012 0 .2 0 5
13 2,157 0.064 0,188 2.164 -0 .053 0,204
14 2.153 -0.022 0,187 2,165 0,014 0,204
13 2.161 0.000 0 .1 93 2,161 0.000 0 .1 93
16 2.161 0.000 0 .1 95 2.161 0.000 0,193
17 2.161 0,000 0 .1 9 4 2,161 0,000 0 .1 9 4
18 2.161 0.024 0,186 2.161 -0,012 0.204
19 2.161 0.016 0.186 2,161 -0,008 0.204
20 2.161 0.008 0.186 2.161 "0 «00^ 0,204
21 2.151 0 .1 9 2 0 .207 2.158 -0.096 0 ,2 07
22 2,150 0 .1 9 4 0 .2 07 2 ,1 5 7 -0 .0 9 7 0 .2 0 7
25 2,128 0 .1 9 4 0 .2 0 7 2,158 -0 .0 97 0 ,2 0 7
24 2.157 0,000 0.186 2,164 0.000 0.204
23 2,157 0.000 0,186 2.164 0.000 0,204
26 2.157 0,000 0.186 2,164 0.000 0.204
27 2 .509 0 ,2 0 9 0,101 1.987 -0.104 0.101
28 2.410 0.566 0 .1 7 8 1.844 -0.183 0.178
29 2,580 0,481 0.253 1.857 -0.240 0 .253
30 2.088 -0 .2 1 5 0 .215 2,147 0 .1 07 0 .215
31 2.089 -0 .2 0 7 0.212 2,151 0 .103 0.212
3.2 2 .090 -0.201 0.210 2 .1 5 4 0.100 0,210
33 2 .133 -0,006 0.193 2.166 0 .0 05 0 .1 93
34 2,156 -0 .0 05 0 .195 2.166 0 .003 0 .1 93
33 2 .153 —0 9 006 0 .1 9 4 2.166 0 .003 0 .1 9 4
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Table 6,32 î Harmonie Approximate Force" Fileds of
1^1 1^2 Fj22 5^3 5^4 F441 7.4750.9371.2285.301 -1.805 1 .2 3 0
2 9.0131.619 1 .211 4.789-1.158.0.9613 6.9770.791 1 .278 3.657-0,395 0 .9 3 44 6.9770.791 1 .278 3.657-0.395 0 .9 3 45c 6.9770.791 1 .278 3.657-0.395 0 .9 3 4o7 8.3791.291 1.1894.191 -0 ,690 0 .8 92
8
Q
10.4933.239 1.7905.449-2.3161.583
y
10 3.651 -0.397 0 .9 5 4
11 6.731 0.731 1.3113.481 -0.318 0 .9 6 6
12 10.214 2 .5 88 1.4685.199-1,6351.1421310.3633.587 2.0425.150-2.812 2.169149.5423.926 2.484 2 .561 -0.089 1 .2 7 6
15 RA*
16 RA
17 RA
18 RA
19 RA
20 RA.
21 RA
22 RA
23 RA
24 RA
25 RA
26 RA
27 10.448 2,831 1.139 5.169 -1.415 1.139
28 10.402 2.753 1.107 5.270 -1.376 1.107
29 10.344 2.637 1.061 5.426 -1.319 1.061
30 RA
31 RA
32 RA
33 RA
34 RA
35 RA
*RA = Reverse Assignment
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14Table 6.33 î Anharmonio Approximate Foroe Fields of NF;
Fii ^12 ^22 ^33 ^34 ^44
1 7.167 0.881 1.165 5.056 -1.720 1.167
2 8.683 1.558 1.152 4.571 -1.105 0 .9 1 0
3 6.713 0.748 1.212 5.489 -0.373 0.882
4 6.713 0.748 1.212 3.489 -0.373 0.882
5 6.713 0.748 1.212 3.489 -0,373 0.882
6
7 8.043 1.225 1.128 3.993 -0.652 0.843
8 10.096 3.115 1.712 5.198 -2.209 1.504
9 3.175 -2.456 2.826
10 3.493 -0.375 0.882
11 6.469 0.688 1.244 3.320 -0.299 0 .9 1 2
12 9.825 2.484 1,399 4.958 -1.557 1.082
13 9.970 3,454 1.957 4.912 -2,685 2,066
14 9.173 3.783 2.386 2,454 -0.076 1.210
15 RA-
16 RA
17 RA
18 RA
19 RA
20 RA
21 RA
22 RA
23 RA
24 RA
25 RA
26 RA
27 10.054 2.728 1.097 4,947 -1.364 1.097
28 9.962 2.640 1.062 5.039 -1.320 1.062
29 9.848 2.504 1.007 5.180 -1.252 1.007
30 RA
31 RA
32 RA
33 RA
34 RA
35 RA
*RA a Reverse Assignment
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15Table 6,54 î Harmonic Approximate Force Fields of NF.
^11 ^12 ^22 ^33 ^54 ^44
1 7.328 0.916 1.248 5.139 -1.714 1.205
2 8.679 1.525 1.225 4.651 -1.081 0.949
3 6.865 0.776 1.297 5.630 -0.586 0.934
4 6.865 0.776 1.297 3.650 -0.586 0.934
5 6.865 0.776 1.297 3.650 -0.386 0.934
6
7 8.185 1.265 1.210 4.157 "0.673 0.893
8 10.049 3.050 1.752 5.259 -2.162 1.506
9
10 3.626 -0.385 0.935
11 6.595 0.709 1.335 3.444 -0.304 0.969
12 9.801 2,447 1.458 5.038 -1.539 1*114
13 9.925 5.392 1.997 4.975 -2.643 2.056
14 9.119 3.725 2.452 2.553 -0.085 1.275
15 RA*
16 RA
17 RA
18 RA
19 RA
20 RA
21 RA
22 RA
23 RA
24 RA
25 RA
26 RA
27 10.085 2 .7 02 1.087 5.045 -1.351 1.087
28 10.151 2,677 1.077 5.159 -1.339 1.077
29 10.220 2.621 1.054 5.334 -1.310 1.054
30 RA
31 RA
32 RA
33 RA
34 RA
35 RA
*RA w Reverse Assignment
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15Table 6.55 ? Anharmonio Approximate Force Fields of NF;
Fil Fi 2 ^22 F35 ^34 ^44
1 7.031 0.862 1.186 4.904 -1»S35 1.141
2 8.566 1.468 1.165 4,441 -1 .0 32 0.899
3 6.609 0 .7 3 4 1.231 3.465 -0.565 0.885
4 6.609 0 .7 3 4 1.231 3.465 -0.365 0.883
5 6,609 0 .7 3 4 1.231 3.465 -0.365 0.883
6
7 7,862 1 .1 2 0 1,149 3 .9 4 4 -0 .636 0.844
8 9.675 2.937 1 ,6 7 6 5 .0 2 0 -2.064 1 .4 32
9 5,098 -2 .3 5 4 2 ,7 02
10 3.462 -0.363 0.883
11 6.341 0,667 1,268 3.287 —0.286 0 .9 15
12 9*434 2.351 1.391 4.808 -1.467 1 .0 5 6
13 9*552 3.269 1.914 4.748 -2 .525 1.959
14 8.771 3*595 2.337 2 .4 5 0 -0.071 1.206
15 RA*
16 RA
17 RA
18 RA
19 RA
20 RA
21 RA
22 RA 
25 RA
24 RA
25 RA
26 RA
27 9,689 2.605 1*048 4,851 "1.303 1.048
28 9 .717 2.546 1.051 4.956 -1.282 1,031
29 9.758 2.490 1,001 5*096 " 1.245 1.001
50 RA
51 RA
32 RA53 RA
34 RA35 RA
*RA = Reverse Assignment
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Key to X I^  Force Fields 
1 - 14 See P 110
For the following force fields see Table 5.6b w = V;:\ o w = V'X^a W = 1
15 sv a16 sv b17 sv 018 m a19 m b20 m c21 m a22 m b
23 m 024 m a
25 m b
26 m c
27 cv a
28 ov b
29 ov c30 nm a31 MUB b32 HUB 0
33 SUB a34 SUB b33 SUB 036 MUB a37 MUB b
38 MUB 0
1^1 values ;"22 value8 :
" ^aa' " °
” ^aa' “ ^aa ” °
i^fe ~ a^a* “ r^a “ ^
K , H, P, P»(H' = 0)
K, H, P (H* = 0} P' = -0.1P)
K, H, P, k (P> = -0.1P)
gg s for force fields 1 - 14 are identical
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Table 6.36 : Approximate Force Fields of SiH^
Harmonic Anharmonic
S'il ^22 ^33 ^34 P44 ^11 ^22 ^53 P54 P44
1 3.067 0.191 2.797 -0.388 0.315 2.837 0.187 2 .5 1 4 —0 .5 4 4 0 .2 92
2 3.032 0.067 0.241 2 .725 0.060 0.228
3 3.021 0.000 0.240 2.713 0.000 0 .227
4 3.023 0.012 0.240 2 .715 0.011 0 .2 27
5 3.023 0.012 0.240 2 .7 15 0.011 0 .2 27
6 3.025 0.253 0.261 2 .715 0 .2 2 7 0.246
7 3.025 0.022 0.240 2 .7 17 0.021 0 .2 27
8 3.055 0.135 0.245 2.726 0.119 0.231
9 3.018 0.277 0.266 2 .7 1 0 0.248 0 .2 50
10 3.025 0.011 0.240 2 .715 0.010 0 .2 27
11 3,021 0.000 0.240 2.713 0.000 0 .227
12 3.034 0.088 0.242 2.724 0 .0 7 9 0.228
13 3.027 0.233 0 .2 5 7 2 .7 19 0.208 0.242
14 3.000 -0.073 0.244 2.695 —0.068 0 .250
15 3.043 0.208 3.043 0.000 0.208 2 .7 7 2 0.201 2 .7 7 2 0.000 0.201
16 3.045 0,208 3.043 0.000 0.208 2 .772 0.202 2 .7 7 2 0.000 0.201
17 5.044 0.210 3.044 0.000 0.210 2.771 0.203 2.771 0.000 0 ,205
18 3.051 0.191 3.051 0.122 0.245 2.779 0.167 2.779 0 .127 0 .2 5 5
19 3.051 0.191 3.051 0.115 0.243 2.779 0.187 2.779 0 .1 5 4 0 .2 3 5
20 3.051 0.191 3.051 0.112 0.245 2.778 0.187 2.778 0 .1 5 9 0 .2 33
21 3.068 0.208 3.024 0.018 0.208 2.837 0.201 2 .7 17 0.018 0.201
22 3.068 0.209 5.024 0.018 0 .2 0 9 2.857 0.202 2 .7 1 7 0.018 0.202
23 5.068 0.210 5.024 0.020 0.210 2.837 0 .203 2 .7 17 0,018 0 .2 0 5
24 3.067 0.191 3.021 0.000 0.240 2.857 0.187 2 .715 0.000 0 .2 2 7
25 3.067 0.191 3.021 0.000 0.240 2.857 0.187 2 .713 0.000 0 ,2 27
26 3.067 0.191 3.021 0.000 0.240 2.837 0.187 2 .713 0.000 0 .2 27
27 3.072 0.207 5.020 0.014 0 .2 0 7 2.832 0.201 2 .7 2 4 0.051 0.201
28 3.072 0.209 3.019 0.014 0 .2 0 9 2.850 0.202 2 .7 2 5 0 .0 50 0.202
29 3.087 0.210 3.007 0.014 0.210 2.831 0.203 2 .7 2 4 0,031 0 .2 03
30 3.071 0.191 3.012 -0.021 0.239 2.836 0.187 2 .713 0.001 0 .2 2 7
31 3.072 0.191 3.012 -0.022 0.240 2 .8 3 4 0.188 2 .715 0.001 0.226
32 3.094 0.190 2.993 -0.015 0.241 2.825 0.187 2.724 -0 .005 0 ,2 27
33 3.078 0.206 5.014 0.014 0.210 2.839 0 .199 2.716 0,026 0 .2 0 5
34 3.095 0.207 3.000 0.020 0.212 2.857 0.200 2 .7 0 0 0 .0 34 0 .2 07
35 3.180 0.206 2.922 0.055 0.218 2 .9 0 9 0 .1 99 2.657 0 .0 5 4 0.211
36 3.069 0.191 3.021 0,010 0.240 2.855 0.187 2.721 0.024 0 .2 2 7
37 3.069 0.191 3.021 0.010 0.240 2.850 0.187 2 .7 2 4 0.023 0 .2 2 7
38 3.070 0.191 5.020 0.011 0.240 2 .850 0.187 2.724 0 .025 0 .2 2 7
146Table 6.37 : Approximate Force Fields of 8iD^
Harmonic Anharmonic
Fii 2^2 3^3 F34 4^4 1^1 2^2 3^3 ^3 4 ?4413.0670 .1 9 0 2.767-0 .3 4 2 0.301 2 .9 00 0.1862 ,5 25 -0.3040,2882 3 .0 66 0.1240.238 2 .7 9 4 0 ,115 0 .2 3 23 3 .0 27 0,0000,236 2.7580,0000 ,2 3 04 3.0360,0220,236 2,7660.0210 .2 3 05 3.0360,0220 ,2 3 6 2,7660,0210 .2 3 06 3.0360.4670.308 2.7660.4240 .2 957 3.0430.0410.236 2.773 0,0400 .2 2 98 3 .0 7 9 0,2480 ,2 5 2 2.8060,2260.2449 3.008 0 ,5 27 0 .3 30 2,7400.4800.31610 3 .0 3 5 0 .0 1 9 0.236 2.7650.0180 .2 3011 3 .0 27 0.0010.236 2,7380.0010 .2 3012 3 .073 0.1650.242 2,801 0.151 0 ,2 3513 3 .055 0.4120 .2 90 2.784 0 ,3 7 4 0.27814 2.946-0.1460 .2 5 0 2.678-0.1400.244153.0470.2083.0470,0000.208 2.8230.2022,8230,0000.202163.0470.2083.0470.0000.208 2.8240 .203 2.8240,0000 ,203173.0470 .2 3 0 3.0470.0000 .2 30 2,8260 .2 03 2.8260,0000 ,205183 .0 7 4 0 .1 9 0 3 .0 7 4 0 ,2 5 9 0 .2 5 4 2.8500,1852.850 0 ,253 0.251193 .073 0 .1 9 0 3 .073 0 ,2 5 9 0 ,2 5 4 2.8500,1862.8500.2670 ,2 52203 .073 0 .1 9 0 3 .073 0 ,2 5 9 0 .2 5 4 2,851 0,1852.851 0 ,2 7 0 0 ,2 5 2213.0680 .2 0 7 3.040 0 .0 33 0 ,207 2,8990.2022.7750.0400.202223.0670.2083.043 0 .0 3 7 0.208 2 .900 0 .203 2 .772 0 ,0 35 0 .203233.0570 .2 2 9 3.0430.0400 ,2 2 9 2 .9 00 0 ,203 2 .7 72 0 ,0 35 0 .203243.0670 .1 9 0 3 .0 27 0.0000.236 2.901 0,1852.7580.0000 ,2 30253.0670 .1 9 0 3 .0 27 0.0000,236 2.901 0,1852.7580.0000 .2 30263.0670 .1 9 0 3 .0 27 0,0000 .2 36 2.901 0.1852,7580.0000 ,2 30273 .0 7 0 0 .2 07 3 .0 30 0.0100 .2 07 2,8960 .203 2,775 0 ,0 35 0 .203283 .0 7 0 0.2083 .0 2 9 0,0100.208 2,8960 .203 2.775 0 .0 35 0 .203293.0810 .2 2 9 3.0200,0160 .2 2 9 2,8980.1852.7590.0010 .2 3 0303 .0 70 0 .1 9 0 3 .0 1 5 "0,0210 ,236 2 .9 0 0 0.1852,7590.0010 .231313 .0 70 0 .1 90 3 .0 1 5 -0,0210.236 2 ,9 00 0.1852,7590.0010 .231323.0680 .1 9 0 3.016-0.0220 ,2 37 2,904 0,2002,767 0 ,0 2 9 0 .2 0 7333.0780.2063 .025 0,0110 .2 0 9 2,921 0,2002.7530,0360.208343.0960.2063 .0 0 9 0 ,0 1 9 0,210 2 .9 90 0,1982,6990.0620.212353 .092 0 .227 3.011 0 .0 1 7 0 ,2 3 0 2,8970,1862 .771 0 .0 27 0 ,2 3 0363 .0 7 0 0.1893.028 0 .0 0 9 0 ,2 36 2,8970.1862.771 0 .027 0 .2 3 0373 .0 70 0,1893.028 0 .0 0 9 0.236 2.8970.1862.771 0 .0 2 7 0 .2 30383 .0 70 0,1893.028 0 ,0 0 9 0.236 2,8970.1862,771 0 .027 0 ,2 3 0
Table 6.38 : Approximate Force Fields of Gell^
Harmonic Anharmonic
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Fii 2^2 3^5 3^4 F44 F1I 2^2 F33 ^34 4^41 2.8590.1772.621•"0 o 4000.282 2,6450,171 2.431 -0 .3 7 0 0.2632 2.8040.0250.206 2,601 0 .023 0 ,1935 2.8030.0000,206 2,6000,0000 .1954 2.8030.0040.206 2,6000,004 0 .1955 2.803 0.0040.206 2,6000.0040 ,1956 2.803 0.0950 .2 0 9 2,6000.0880,1967 2.803 0.0070.206 2.600 0 ,0 0 7 0 .1958 2.8050.0490 .2 07 2,6020,0460 .1 9 49 2.8030.1000.210 2.600 0 .0 93 0 .1 9 710 2.8030.0040.206 2.600 0 .003 0 .19511 2.803 0.0000.206 2,6000.0000.19512 2.8050.0320.206 2,601 0 .0 3 0 0 .19513 2.8050.0890 .2 0 9 2,6000,0830.19614 2.800“0.0250 .2 0 7 2,597-0.0240 ,1 9 4152.8300.1862.8300.0000.186 2,6220,1782,6220.0000.17816 2.8300.1882.8300.0000.188 2.6220,1802.6220,0000.18017 2.8300.1892.8500.0000,189 2,6220.1812,6220,0000.181182.8310.1772.831 0.0490 .2 0 7 2.6230.171 2.623 0.049 0 ,1 95192.8310.1772.831 0.0510 .2 07 2.6120,171 2.6120,198 0.211202.8310.1772.851 0.051 0 ,2 0 7 2.6110.171 2,611 0,2040,21121 2.8590.1862.803 0 .0 07 0.186 2.6450.1782.601 0 .0 07 0,178222.8610.1882.805 0 ,0 0 7 0,188 2.6450,1802.601 0 .0 0 7 0.180232.8590.1892.803 0 .0 0 7 0.189 2,6450.1812.601 0 .0 0 7 0.181242.8590.1772.803 0,0000.206 2.6450.171 2.6000.0000 .195252.8590.1772.803 0,0000.206 2.6450,171 2.6000.0000 .1 9 5' 262.8590.1772.803 0.0000,206 2.6450,171 2,6000,0000 ,1 9 5272.8550.1862.807 0 .0 15 0.186 2.6400 ,1 79 2.605 0 .0 0 9 0 .1 7 9282.8530.1882.8100.0110.188 2,6420.1802.6040.0100.180292.8550.1892.807 0 .015 0.189 2.6440.1812,601 0.0110.181502.8550.1782.806-0.0090.206 2,6420.171 2.602-0,0080 .1 9 531 2.8560.1772.805-0 .0 0 9 0.206 2,6430.171 2.602-0 .0 07 0 ,1 9 4322.8560.1772.805-0 .0 0 9 0,206 2.6430,171 2,602-0 .0 0 7 0 .1 9 4332.8610.1862.802 0 .0 13 0.189 2,6450,1782.6000,0100,180542.8720.1872.791 0 ,0 1 7 0 .1 9 0 2,6540 .1 79 2 ,592 0,015 0,182552.9160.1872.751 0 ,0 3 5 0 .1 9 4 2.6810 .1 7 9 2.566 0 .0 2 5 0,185562.8560.1772.8060.0110.206 2.6410 .1 72 2,6050,0080 .1 9 4372.8510.1772.8120.0080,206 2.6380 ,1 72 2,607 0 .007 0 ,1 95582.8510.1772.8120.0080,206 2,6360 .1 72 2.6080.0060 ,1 9 5
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Table 6,59 : Approximate Force Fields of GeD^
Harmonic Anharmonio
^11 ^22 ^55 ^54 ^44 ^11 3'22 ^55 ^54 P44
1 2.859 0.177 2.601 -0 .3 8 0 0 ,2 76 2.705 0 .175 2.464 -0 ,5 6 0 0.262
2 2.808 0.048 0,204 2.659 0.045 0 .195
5 2.802 0 .0 0 0 0,204 2.655 0 .0 0 0 0 .195
4 2.805 0.007 0.204 2.655 0 .0 0 7 0 .1 9 5
5 2.805 0 .0 07 0.204 2,655 0 .0 0 7 0 ,1 9 5
6 2,805 0.182 0.216 2.655 0 .1 75 0,206
7 2.804 0.014 0.204 2 .656 0,014 0 .195
8 2,810 0,095 0 .2 0 7 2.661 0 .0 9 0 0 .1 97
9 2.801 0.196 0.218 2.655 0,186 0.208
10 2,805 0.007 0.204 2.655 0 .0 0 7 0 .195
11 2,802 0.000 0.204 2,654 0,000 0 .1 95
12 2,809 0,062 0 .2 05 2.660 0 ,0 5 9 0.196
13 2,805 0,170 0.214 2.657 0.161 0.204
14 2.791 -0,051 0.206 2.643 -0 ,0 4 9 0 ,1 97
15 2.850 0.186 2,850 0.000 0,186 2.678 0,180 2,678 0.000 0.180
16 2.850 0.187 2.850 0,000 0,187 2.678 0.181 2.678 0,000 0.181
17 2.850 0.189 2.850 0.000 0,189 2.678 0,183 2.678 0,000 0.183
18 2.854 0.177 2,834 0.088 0 .205 2.681 0 .1 7 2 2,681 0 .117 0.202
19 2.854 0.177 2.834 0.076 0 .205 2.681 0 .1 7 2 2.681 0 ,137 0.202
20 2.854 0.177 2,854 0.066 0 ,205 2.681 0.173 2,681 0 .1 50 0 .2 0 5
21 2.858 0.186 2.806 0.016 0.186 2,704 0.180 2.656 0,013 0,180
22 2.858 0.187 2.806 0.014 0.187 2,704 0.180 2.656 0 ,013 0,180
25 2.858 0.189 2.806 0 .0 1 5 0.189 2 .7 04 0.183 2.656 0 ,013 0.183
24 2.859 0.177 2.802 0,000 0,204 2.705 0 .175 2,654 0,000 0 ,1 9 5
25 2.859 0.177 2,802 0,000 0.204 2 .705 0 ,175 2.654 0.000 0 ,1 9 5
26 2.859 0.177 2.802 0.000 0.204 2 .705 0 ,175 2,654 0.000 0 .1 9 5
27 2.857 0.186 2,807 0.014 0.186 2.701 0.180 2,659 0.011 0.180
28 2.855 0.187 2.810 0.011 0.187 2 .702 0,182 2.657 0,012 0.182
29 2.855 0.189 2,807 0 ,013 0.189 2 .7 04 0.185 2.656 0 .0 13 0.183
50 2.856 0.177 2,804 -0.008 0 .2 05 2.701 0 .175 2.654 -0 .0 05 0 ,1 95
51 2.854 0.177 2,806 -0,008 0,204 2,701 0 .1 75 2 .6 5 4 -0 ,0 0 5 0 .195
52 2.854 0.177 2,805 -0,008 0,204 2.701 0 .173 2,654 -0 .0 0 5 0 .1 95
55 2.860 0.185 2.804 0.012 0.188 2.705 0,180 2,655 0.011 0.182
54 2.871 0.186 2,795 0 .017 0 ,1 9 0 2.712 0,180 2.648 0.014 0.184
55 2.940 0.185 2.750 0.045 0 ,1 9 5 2 .749 0.181 2,657 0,024 0.186
56 2.856 0.177 2,806 0,011 0,204 2 .702 0 ,175 2.657 0.010 0 .195
57 2.849 0.177 2.815 0.008 0,204 2 ,702 0 .1 7 5 2.657 0,010 0 ,195
58 2.848 0.177 2.814 0 .0 07 0,204 2 .7 02 0 .1 7 5 2.657 0,010 0 ,1 95
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Table 6.40
Harmonic
Approximate Force Fields of GH^
Anharmonio
Fii ^22 P 3 5 ^54 ^44 F 1 1 ^22 "35 ^34 ^44
1 5.896 0.484 4,817 "0,543 0,569 5 .0 5 0 0.465 4 ,4 3 3 -0 .501 0 .5 2 3
2 5.558 0.247 0.468 4.931 0 ,2 27 0 .4 30
3 5.266 0,000 0.464 4,847 0,000 0.426
4 5.289 0.049 0.463 4,868 0.045 0.425
5 5.289 0.049 0.463 4,868 0 ,0 45 0.425
6 5.289 0 ,9 1 9 0.622 4.868 0.846 0,571
7 5.508 0 .0 95 0.462 4.886 0.085 0.426
8 5.588 0 .495 0 .4 9 9 4.960 0 ,4 5 3 0,458
9 5.215 1 .0 5 0 0.680 4.798 0.966 0.625
10 5.286 0.042 0.463 4,866 0 ,0 3 9 0.425
11 5.267 0,002 0.464 4.848 0,002 0.426
12 5.575 0 ,3 5 2 0 .475 4.948 0.306 0 .4 37
13 5.559 0.798 0,577 4 .9 1 4 0.735 0,531
14 5.185 -0,141 0 .4 7 5 4.771 -0.131 0 ,4 37
15 5.548 0.475 5.548 0,000 0 .4 7 5 4.937 0 ,4 50 4,937 0.000 0 .4 5 0
16 5.547 0.475 5 .547 0.000 0 ,4 75 4.941 0 ,4 4 7 4,941 0.000 0 .447
17 5.546 0,474 5.546 0,000 0 .4 7 4 4 .9 4 4 0,444 4 .9 44 0.000 0.444
18 5.620 0.484 5.620 0.522 0 ,5 0 4 5.001 0.465 5.001 0 .4 9 4 0,467
19 5.620 0.484 5.620 0 .5 1 9 0 .5 0 2 5.002 0,465 5 ,002 0 ,4 9 9 0,467
20 5.619 0,485 5.619 0.556 0 .5 0 9 5.004 0.466 5.004 0.496 0,466
21 5.896 0.486 5.124 -0.226 0.486 5.051 0,456 4.635 -0 ,3 07 0.466
22 5.897 0.485 5 .135 -0.214 0.485 5,051 0,466 4.635 -0 ,3 0 7 0,456
25 5.897 0,485 5.155 -0,214 0.485 5.051 0.466 4.635 -0 .3 0 7 0.466
24 5.897 0.484 5.265 0.000 0,464 5.050 0,465 4.847 0,000 0,426
25 5.897 0.484 5.265 0.000 0,464 5 .050 0.465 4,847 0,000 0.426
26 5.897 0,484 5.265 0,000 0,464 5 .0 5 0 0.465 4,847 0,000 0,426
27 5.900 0.476 5.551 0,167 0.476 5 .052 0 .4 5 0 4.868 0 .0 5 2 0 .4 5 0
28 5.899 0.475 5.552 0.167 0 ,475 5.051 0,446 4,869 0.051 0,446
29 5.899 0.474 5.551 0.167 0 .4 7 4 5.049 0 ,4 43 4.871 0 .0 5 0 0 ,443
50 5.898 0,484 5 .550 0 .1 5 8 0,463 5.053 0,466 4.880 0 .0 7 5 0.424
51 5.898 0,484 5 .350 0.158 0.463 5.057 0.465 4.876 0 .0 7 5 0,425
52 5.898 0,484 5 .5 50 0,158 0,455 5.061 0.465 4.872 0 ,0 7 7 0.425
55 5.892 0,465 5.521 0.122 0 ,4 92 5.045 0..f|46 4.869 0.038 0 .4 54
54 5.866 0.465 5.340 0 ,113 0,488 5.023 0 .443 4,883 0 ,0 3 0 0 ,4 5 0
55 5.778 0.463 5.597 0,082 0.481 4.947 0.444 4,941 0.001 0,444
56 5.895 0.485 5.521 0 .1 25 0.462 5 .052 0.466 4.864 0,040 0.426
57 5.895 0,485 5.521 0 ,1 25 0.462 5.051 0.465 4.866 0.040 0,425
58 5.895 0.485 5.521 0 .1 23 0.462 5.051 0,465 4.866 0.040 0 .4 25
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Table 6,41 : Approximate Force Fields of OD^
Harmonic Anharmonio
Fii ^22 ^33 ^34 F44 F11 ^22 F33 F34 ^44
1 5.879 0,492 4.738 -0,395 0,542 5 .272 0.471 4 .4 3 7 —0,366 0,511
2 5 .5 0 9 0 .4 3 4 0 .4 72 5.157 0.406 0,446
3 5.218 0.004 0,462 4.885 -0,006 0 .4 3 7
4 5.291 0,088 0 ,4 5 7 4,953 0,083 0 ,4 3 2
5 5,291 0,088 0 ,4 5 7 4,953 0.083 0 .4 3 2
6 5.291 1.548 0 ,9 0 9 4,953 1,448 0.854
7 5 .3 5 2 0,167 0,456 5,010 0,158 0.431
8 5.608 0,867 0,564 5 .2 5 0 0,812 0 .5 3 2
9 4,906 1 ,7 9 4 1.148 4 ,5 9 0 1.679 1 ,0 7 9
10 5 .2 77 0,071 0,458 4,939 0,067 0 ,433
11 5 .2 2 5 0,011 0,462 4,890 0.011 0 .4 3 7
12 5.568 0 ,5 92 0,496 5.212 0,555 0,469
13 5 .5 05 1 .2 78 0,735 5 .153 1 .195 0.691
14 4 .9 2 2 -0,265 0 .5 0 4 4,606 -0,248 0 .4 7 7
15 5.480 0 ,4 7 4 5.480 0,000 0 ,4 7 4 5.036 0,453 5.036 0.000 0 .453
16 5.495 0 .4 77 5 .4 9 5 0.000 0 ,4 7 7 5.049 0 .4 5 4 5.049 0.000 0 ,4 5 4
17 5.510 0.476 5 .5 1 0 0,000 0,476 5.061 0 ,453 5.061 0,000 0 .453
18 5.724 0 .492 5 ,7 2 4 0,898 0 ,5 7 2 5 .2 52 0 .4 72 5 .2 52 0,665 0 ,4 90
19 5.731 0 .492 5.731 0,895 0 .5 7 0 5.253 0,471 5 .253 0,663 0*491
20 5.737 0,493 5.737 0.899 0 .571 5.246 0,471 5.246 0 .590 0 ,4 75
21 5.879 0 .4 94 4.971 -0,226 0 .4 9 4 5 .273 0 .472 5 .2 1 7 0,573 0 ,4 7 2
22 5.878 0 ,492 4 ,9 9 0 -0.211 0 ,4 9 2 5 .2 72 0.471 5.216 0.567 0.471
23 5.878 0,493 4,986 "0.215 0,493 5 .2 72 0 ,472 5.216 0.573 0 ,4 7 2
24 5.879 0 .493 5 .215 0,000 0,463 5 .272 0.471 4.880 0,000 0 ,4 3 7
25 5.879 0 ,493 5.215 0.000 0,463 5 .2 72 0,471 4,880 0,000 0 .4 3 7
26 5.879 0,493 5 .2 15 0,000 0,463 5 .2 72 0,471 4,880 0,000 0 .4 37
27 5.874 0,476 5 ,3 45 0 .1 55 0,476 5 .2 7 4 0.453 4,956 0 ,092 0 ,453
28 5.872 0 .475 5.346 0 ,1 55 0 ,475 5.271 0 ,4 52 4.956 0,091 0 ,4 5 2
29 5.861 0.473 5 .3 52 0 .1 4 9 0 .473 5.258 0 ,4 50 4,962 0.085 0 ,4 50
30 5.882 0 .492 5.346 0,162 0 ,4 55 5 .2 7 4 0.471 4 .9 7 0 0,106 0,431
31 5.882 0 .4 9 2 5.346 0,162 0 ,4 55 5 .2 7 4 0,471 4 .9 7 0 0.106 0.431
32 5.884 0 .493 5 .345 0.163 0 ,4 5 5 5 .2 75 0,471 4.968 0 .1 07 0,451
33 5,868 0,464 5.316 0.118 0 .4 9 0 5 .2 59 0 ,447 4 ,9 43 0,068 0,462
34 5.835 0.463 5 .3 3 4 0 ,1 07 0.486 5.236 0,446 4,956 0.060 0 .4 5 9
35 5.709 0,466 5.404 0.065 0,480 5.144 0,448 5.012 0.028 0 .4 5 4
36 5.876 0.493 5 .5 1 9 0 .1 19 0,456 5*270 0,471 4,942 0 .070 0 ,433
37 5.876 0 .493 5 .3 19 0 .1 19 0,456 5 .2 7 0 0,471 4.942 0 .0 7 0 0 .433
38 5.874 0.492 5 .3 20 0.119 0 ,4 57 5.271 0.471 4 .943 0 ,0 70 0 ,433
28Table 6.42 ; Approximate Force Fields of ' SiF^
Harmonic Anharmonic
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^11 F22 ^33 P34 ^44 F11 ^22 ^33 ^34 F44
1 7.857 0.274 5.661 -0 .0 77 0,518 7..178 0.,260 5 .515 -0,089 0 ,495
2 8.346 1 .486 0,615 8 .1 5 7 1 ,452 0 .5 9 2
3 6.401 0 ,2 3 0 0.466 6 .2 5 4 0 .219 0 .4 43
4 6.401 0 .2 30 0.466 6 .2 5 4 0 .2 1 9 0 ,4 4 3
3
ùZ.
6.401 0 ,2 30 0,466 6 ,2 3 4 0 .2 19 0 .4 4 3
b
7 6.814 0 .435 0 .4 57 6.647 0 ,4 13 0 .4 35
8Q 9 .2 25 2 ,972 1 .275 9,013 2 ,903 1 ,2 3 7y
10 6 .2 3 0 0 ,153 0 ,4 7 4 6 .0 9 2 0.145 0 ,450
11 6 .1 9 0 0 .135 0.476 6 .0 5 2 0 .1 27 0 .452
12 8.871 2.066 0,811 8,665 2 ,015 0.782
13 8.993 3 .543 1 .721 8.785 3.464 1.676
14 8.051 3 .9 5 4 2 ,3 05 7.861 3.867 2.248
15 6.458 0.326 6.458 0.000 0,326 6,.198 0,.327 6,198 0.000 0 .3 2 7
16 6.597 0.347 6.597 0,000 0 .3 47 6,.323 0,.332 6 .3 2 3 0,000 0 .3 3 2
17 6.825 0.521 6.825 0,000 0.321 6,.518 0,.306 6 .5I8 0,000 0.306
18 7.833 0.274 7.833 1.065 0,518 7 .172 0,.260 7 .1 7 2 0 ,713 0 ,4 5 0
19 7*824 0,274 7.824 1 .055 0,516 7,.175 0..260 7 .1 7 5 0 .7 1 4 0 .4 5 0
20 7.857 0.273 7.857 1.096 0 ,5 2 5 7,.174 0,.260 7 .1 7 4 0.713 0 .4 50
21 7.858 0.389 6.694 0,339 0.389 7.178 0,.370 6,518 0 .315 0 ,3 7 0
22 7.858 0,354 6 .7 1 8 0.335 0 ,5 5 4 7 .179 0,.337 6 .551 0 .317 0.337
23 7.855 0.322 6.691 0 .305 0 .3 2 2 7 .179 0..306 6.531 0 .291 0,306
24 7.858 0,274 5.866 0,000 0.498 7.178 0,.260 5.748 0.000 0 .4 7 3
25 7.838 0.274 5.866 0.000 0.498 7.178 0..260 5.748 0.000 0 ,4 73
26 7.838 0.274 5.866 0,000 0,498 7.178 0,260 5.748 0.000 0 ,4 73
27 7.858 0.389 6.697 0,341 0.389 7.188 0 .370 6.373 0,242 0 ,3 70
28 7.835 0.354 6 .7 1 7 0 .3 3 4 0 ,3 5 4 7 .209 0.336 6.395 0,242 0.336
29 7.785 0.322 6.738 0.313 0 ,3 2 2 7,244 0.306 6.404 0 .251 0.306
30 7*837 0,277 6.385 0,222 0,465 7,178 0,264 6 ,0 75 0 .1 3 7 0 ,4 4 9
31 7*836 0*,274 6.380 0,220 0,466 7 .177 0.261 6 ,0 7 0 0 .1 3 5 0 .4 50
32 7.838 0.,274 6.582 0,220 0.466 7,164 0.261 6 .073 0 ,131 0 .4 50
33 7*864 0.351 6 .551 0.281 0.413 7,210 0 .345 6,265 0.202 0.389
54 7*,991 0,,325 6.560 0 ,3 07 0 .3 9 4 7 .352 0,316 6 .2 77 0 .2 3 0 0.367
35 8,.413 0,.299 6 .4 5 9 0 .4 19 0 .3 9 2 7.778 0,287 6 .1 37 0 ,3 52 0,365
36 7.,838 0,,274 6 .5 1 4 0.284 0,462 7.176 0.260 6.224 0,204 0.443
37 7*.830 0.,274 6 .5 1 4 0.282 0.462 7,178 0,261 6 .2 23 0 ,2 05 0.444
38 7-,835 0.,274 6 .5 1 3 0.283 0.462 7 .178 0.260 6 .2 23 0 ,205 0,444
Table 6,43 : Approximate Force Fields of ^%iF^
Harmonic Anharmonic
152
^11 ^22 F33 ^34 F44 "11 ^22 ^33 ^34 F44
1 7-837 0,,274 5.650 -0.088 0 .5 1 9 7 .178 0,260 5 .5 0 7 -0 ,0 9 9 0.496
2 8.251 1.446 0,608 8.068 1.413 0.585
3 6.393 0.226 0,466 6 .2 5 5 0,218 0 .4 4 3
4 6.393 0,226 0.466 6 ,2 5 5 0,218 0 .443
5 6.393 0.226 0.466 6 ,2 5 5 0,218 0 .4 43
o
7 6 .791 0 .4 2 7 0,458 6.628 0,406 0 .4 35
8 9 .090 2.891 1.242 8,885 2.826 1 .2 0 5
9
10 6 .2 50 0.151 0 ,473 6 ,0 9 5 0,143 0 .4 5 0
11 6.182 0,129 0,476 6 ,0 4 7 0,122 0 ,4 5 2
12 8-752 2.009 0,795 8,553 1.960 0,767
13 8.859 3.463 1.684 8.658 3*388 1.640
14 7 .910 3*879 2 ,272 7*724 3.797 2,218
15 6,469 0,.328 6.469 0.000 0,328 6.209 0,,328 6 ,2 0 9 0,000 0.328
16 6,605 0,.347 6,605 0.000 0 .3 47 6,331 0,,332 6.331 0,000 0 .3 3 2
17 6.824 0,.321 6.824 0,000 0,321 6,519 0.,306 6 ,5 1 9 0,000 0,306
18 7*834 0..274 7.834 1 .0 93 0,526 7.172 0,.260 7 .1 72 0,724 0 ,4 5 2
19 7.821 0,.274 7.821 1.078 0 ,5 22 7 .173 0,.260 7*173 0,724 0 ,4 5 2
20 7.807 0,.274 7.807 1 .0 5 5 0,518 7.171 0,.260 7 .1 7 0 0,721 0 .4 5 2
21 7.837 0,.388 6*669 0 .3 3 0 0.388 7.179 0..369 6 ,4 9 9 0 .3 0 7 0,369
22 7.837 0 .354 6.693 0 .3 2 7 0 ,3 5 4 7 .178 0,.337 6.538 0 ,313 0.337
23 7.836 0 .322 6.672 0 ,3 0 0 0 ,3 22 7.178 0,.307 6 .5 1 4 0.286 0 ,3 0 7
24 7.837 0 .27 4 5.877 0,000 0,498 7.178 0,.260 5.762 0,000 0 ,4 7 2
25 7.837 0 .2 7 4 5.877 0,000 0,498 7.178 0,.260 5.762 0,000 0 .4 7 2
26 7*837 0 .2 7 4 5.877 0,000 0,498 7.178 0.260 5*762 0.000 0 ,4 7 2
27 7*835 0.388 6.692 0,341 0,388 7.187 0 .370 6,373 0,242 0 ,3 7 0
28 7.829 0 .3 5 4 6.711 0 ,3 3 4 0 .3 5 4 7.203 0.336 6.393 0,241 0,336
29 7.776 0 .323 6.733 0 ,3 1 2 0 .323 7.,238 0.306 6,402 0,249 0,306
30 7-,834 0 .277 6.385 0,221 0.465 7,,179 0,262 6,076 0 .135 0 ,4 5 0
31 7.,837 0 .275 6.382 0.221 0,465 7.,179 0,261 6 ,0 7 5 0 ,1 3 4 0 .4 5 0
32 7*,822 0 .27 4 6.382 0,216 0,466 7.,179 0.261 6 .0 7 5 0 ,1 3 4 0 .4 5 0
33 7*,864 0 .350 6,548 0,282 0,413 7*,211 0 .345 6.267 0,202 0,389
34 7*,992 0 .325 6.556 0,308 0 ,3 9 4 7.353 0 .315 6 .2 7 5 0.231 0.366
35 8..408 0 .299 6.654 0 ,4 1 9 0 .3 9 2 7-.786 0*287 6.131 0.355 0.365
36 7..836 0 .2 7 4 6 .5 12 0.284 0.452 7*.178 0,261 6.226 0,204 0.444
37 7-,828 0 .2 7 4 6 .5 12 0,282 0,462 7 .,181 0,261 6,226 0 .205 0.444
38 7,,834 0 .2 7 4 6 ,5 1 2 0,283 0.462 7-.180 0,261 6 .2 2 5 0 ,205 0,444
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Table 6,44 : Approximate Force Fields of " %iF^^
Harmonic Anharmonio
^11 ^22 ^33 ^34 ^44 ^11 ^22 ^33 ^34 ^44
1 7.837 0,274 5.640 -0,098 0 ,5 20 7*178 0,260 5.498 —0,109 0 .4 97
2 8.164 1,408 0,601 7.984 1.377 0.578
3 6.386 0,222 0,466 6,242 0.211 0 .445
4 6,386 0,222 0,466 6,242 0,211 0 .443
5 6.386 0.222 0.466 6.242 0.211 0 .4 43
6
7 6,770 0,420 0 .4 58 6,608 0,399 0.436
8 8.966 2,817 1,211 8.764 2.753 1 .175
9
10 6 ,2 3 0 0.149 0 ,475 6 ,0 95 0,141 0 .4 50
11 6 ,175 0.124 0 .4 7 6 6,041 0 ,1 17 0 .453
12 8.643 1.956 0.781 8 ,447 1.908 0,753
13 8.736 3.388 1.649 8.539 3 .315 1,605
14 7.779 3.810 2,242 7 .5 9 9 3 .7 2 9 2.188
15 6.480 0,329 6.480 0,000 0 ,3 29 6,,219 0,,329 6,219 0,000 0 ,3 2 9
16 6.547 0,435 6 .5 47 0.000 0 .435 6.,338 0,.332 6,338 0,000 0 .3 3 2
17 6,824 0,321 6.824 0,000 0.321 6,,519 0.,306 6 .5 1 9 0.000 0.306
18 7.830 0,274 7,830 1,116 0 ,532 7-.175 0,.261 7 .1 75 0 ,740 0 .4 55
19 7.829 0.274 7.829 1,114 0 .5 32 7.,168 0..261 7.168 0,731 0 ,4 53
20 7.809 0,274 7.809 1.085 0.526 7^ .174 0,.261 7 .1 7 4 0,737 0 .4 55
21 7.838 0,388 6,666 0.331 0.388 7-,178 0..369 6 .4 9 4 0 .307 0.369
22 7.838 0.437 6 ,7 3 4 0 .3 9 0 0 ,4 3 7 7<.177 0,.336 6 ,5 2 5 0 .308 0.336
23 7.837 0,322 6.657 0.296 0 ,322 7 .177 0,.307 6.501 0,281 0 ,3 0 7
24 7.837 0.274 5.888 0.000 0 .497 7 ,178 0,.260 5.773 0,000 0.471
25 7.837 0,274 5.888 0,000 0 .4 97 7 .178 0,,260 5,773 0.000 0,471
26 7.837 0,274 5.888 0,000 0 .497 7.178 0,.260 5.773 0,000 0,471
27 7.837 0.,388 6,688 0 .3 43 0,388 7.187 0.369 6 .371 0.243 0.369
28 7.838 0.,437 6.661 0 ,351 0 .437 7 .205 0.336 6 ,391 0,242 0,336
29 7.770 0,,323 6 ,7 2 9 0,311 0 .3 23 7 .233 0 .307 6.399 0.249 0 ,3 0 7
30 7.835 0.,277 6.386 0.221 0,465 7.180 0..263 6,081 0 .135 0 .4 4 9
31 7.835 0.,280 6.388 0 .225 0,465 7.182 0,261 6.078 0 .1 3 4 0 ,4 5 0
32 7.835 o<,274 6,383 0.220 0.465 7.181 0,261 6 ,0 7 7 0 .1 3 4 0 .4 50
33 7.861 0,J50 6 ,5 4 5 0,282 0 ,4 13 7,211 0 .344 6.267 0,202 0,388
34 7.870 0.,383 6 ,5 20 0.289 0 ,4 4 7 7 ,351 0.315 6 ,2 73 0 .231 0 ,3 6 6
35 8,409 0.,299 6,446 0.421 0 .3 92 7.778 0.287 6 ,1 2 9 0.353 0,365
36 7.835 0,,274 6 .511 0,284 0.462 7.176 0.261 6 .2 2 7 0 .203 0,444
37 7.835 0.,277 6 .511 0,284 0,462 7 .179 0.260 6 .2 2 7 0.204 0,444
38 7.833 0.,274 6 ,511 0,283 0,462 7 .174 0.260 6.228 0 ,203 0.444
Table 6,45 î Approximate Force Fields of ^ % F ^
Harmonic Anharmonic
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Fil ^22 ^33 ^34 ^44 Fil ^22 R33 ^34 ?44
1 10.007 0.724 6,673 0.923 0.983 9.236 0.704 6.589 0.933 0.984
2 10.731 2.702 1,212 10,515 2.650 1.201
3 6.034 0.761 1,042 3 .919 0,765 1,047
4 6.034 0.761 1.042 3 .919 0.765 1.047
5A
6.034 0.761 1,042 5,919 0.765 1.047
D
7 7.776 1.284 0,946 7.664 1.286 0,948
8 13.367 5,404 2,611 13.112 3,301 2.570
j
10 RA* RA
11 6.223 0.805 1,021 6,120 0.812 1,024
12 12,547 4,056 1,766 12.513 3.987 1 .747
13 13.168 5.840 3.024 12.918 3.726 2.972
14 12,360 6,112 3,484 12,131 3,991 3.421
13 3 .334 0.476 5.534 0,000 0,476 5.298 0.504 3.298 0,000 0.504
16 3,478 0.694 3.478 0,000 0,694 3.342 0,695 3.342 0.000 0,693
17 6.138 0,774 6.138 0.000 0,774 3.999 0.759 3.999 0,000 0.739
18 9.988 0,724 9.988 2,277 1,090 9.221 0.704 9.221 1,949 1,020
19 9.914 0.723 9.914 2,229 1.079 9.225 0,704 9.223 1 ,950 1.020
20 9.718 0.724 9.7I8 2,069 1.030 9.214 0,703 9,214 1.940 1 .017
21 10.008 0.882 7.396 1.102 0.882 9.237 0,876 7.273 1 .095 0,876
22 10.009 0.846 7.322 1.048 0.846 9.236 0.835 7.432 1.124 0.835
23 10.008 0,805 7.448 1.069 0,805 9.236 0,791 7.380 1.075 0.791
24 RA 9.238 0,705 3.458 0.000 1.023
25 RA. . RA
26 9.137 0.723 3.605 0.000 1 .073 RA
27 10,039 0.886 6 .912 0.933 0,886 9.289 0,888 6,497 0.834 0.888
28 10.069 0.847 6,965 0.928 0,847 9.361 0,836 6.582 0.830 0.836
29 10.169 0,805 7.032 0.938 0,805 9.487 0,789 6,657 0.846 0.789
30 10.015 0.733 6.079 0,764 1.028 9.249 0.717 5.460 0.663 1.096
31 10 .034 0.733 6.094 0.764 1.028 9.241 0,706 3,338 0,657 1.124
32 10.002 0.733 6.105 0,761 1,018 9.244 0,705 3,333 0.657 1.126
33 10.048 0.793 6.321 0,799 0.971 9.308 0,811 5.934 0.719 0.971
34 10.118 0.773 6,572 0.805 0.931 9.424 0,773 6 .036 0.726 0.936
33 10.308 0.731 6,422 0.833 0.936 9.648 0.743 6,093 0,761 0 ,913
36 10.007 0.722 6.235 0,808 1,021 9.236 0,707 3.793 0.737 1.060
37 10.016 0,718 6,239 0.809 1,022 9.237 0,705 3,793 0,738 1.062
38 10.000 0.722 6,231 0.808 1.020 9.242 0 .704 3.792 0.739 1,062
*RA = Reverse Assignment
Table 6.46 : Approximate Force Fields of ^^OF^
Harmonic Anharmonic
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^11 ^22 ^33 ^34 ^44 ^11 ^22 F33 ^34
1 10.007 0.724 6.559 0.906 0,990 9.236 0,704 6,480 0,914 0,989
2 10.161 2.497 1,172 9.975 2*454 1.163
3 5,952 0.748 1.047 5.849 0.751 1,050
4 5.952 0,748 1.047 5.849 0,751 1.050
5c 5.952 0.748 1.047 5.849 0.751 1.050O
7 7.617 1.260 0.953 7.514 1.260 0.9538
Q 12,552 4.994 2,439 12,335
4,908 2,405
y
10 RA* RA
11 6,084 0.779 1,052 5.992 0,784 1.033
12 11.830 3.762 1.676 11.630 3.704 1.659
15 12.359 5.421 2,837 12.147 5,325 2.79314 11.566 5.690 3.289 11.374 5.587 3 .234
15 5.530 0.487 5.530 0,000 0.487 5.303 0.514 5.303 0,000 0.514
16 5,523 0.704 5.523 0,000 0.704 5.356 0.702 5.356 0,000 0,702
17 6.103 0.778 6.103 0.000 0.778 5.965 0.761 5.965 0,000 0.761
18 9.989 0.723 9.989 2.393 1,141 9.220 0.704 9.220 2,027 1,050
19 9,856 0.725 9.856 2.294 1,109 9.223 0.704 9.223 2,028 1.050
20 9.964 0.724 9.964 2,366 1.132 9.206 0.705 9.206 2,011 1.045
21 10.008 0,884 7.276 1.086 0.884 9.237 0.879 7.205 1.095 0.879
22 9.993 0,844 7.157 1,015 0.844 9.236 0.837 7.280 1.095 0.837
23 10.009 0,807 7.357 1.065 O.8O7 9.236 0.792 7.224 1,044 0,792
24 10.008 0.723 3.508 0,000 1,051 9.236 0,705 3.452 0,000 1.035
25 RA 9.205 0.704 3.505 0,000 1,054
26 RA RA
27 10.036 0.888 6.876 0.945 0,888 9.282 0,888 6,472 0.839 0.888
28 10.042 0,847 6.920 0,934 0.847 9,352 0,837 6.552 0.836 0.837
29 10,142 0,806 6.989 0,943 0.806 9.460 0.790 6.622 0.849 0.790
30 10.014 0.730 6.046 0,766 1.031 9,249 0 .714 5.464 0,663 1.092
31 10.012 0.735 6.084 0,768 1,020 9.242 O.7O6 5.398 0,658 1,110
32 10.006 0,724 6.013 0.761 1.040 9.238 0.705 5.383 0.657 1,114
33 10,045 0,792 6.296 0.803 0,970 9.303 O.8O9 5.940 0,721 0,970
34 10.123 0.774 6,340 0,811 0,954 9,420 0.775 6,018 0.729 0.935
35 10,290 0,750 6.387 0.836 0,95s 9.634 0.743 6,072 0.763 0.913
36 10,008 0.721 6.214 0,813 1.020 9.233 0,708 5.792 0.737 1.056
37 10.023 0.722 6.218 0,815 1.021 9.234 0.705 5.790 0.738 1.057
38 10.000 0.724 6,214 0.811 1.019 9.239 0 ,704 5.792 0.739 1.057
*RA s Reverse Assignment
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OHAFTER 7 Comparisons
7=1 Previous Vifork
Although many papers have been published on the 
oomparison of force fields, using minimum variance as the 
criterion, only five have attempted a systematic comparison 
of approximate force fields with the harmonic general 
force field (4,87,152,153,269 - marked with an asterisk in 
Table 7*0), This is not to say that workers have not, in 
passing, compared one or two approximate force fields with 
the harmonic general force field; Table 7*0 summarises 
such information which is available in the literature. 
However, not only is the table incomplete, but it is 
largely invalid, since many entries have been calculated 
using different data. The recalculation of all force fields 
with the same set of data enables the present systematic 
analysis to be made, with some hope that the conclusions 
reached will be meaningful.
7«2 Harmonic General Force Field and Anharmonic General 
Force Field
7*2.1 The. Reliability of the HGFF
Before examining the relationship between the HGFF and the
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CDable 7-0 îb?evious Comparisons
■ UBm MUB EE PENS
18 18,16
12
12
12
18 18
CH^ 
8 1 %  
S n %  
NOP 
NOOl 
NOBr 
C % P  
C % C 1  
OH Br
24
10 10
19,20
GeHj
OsO
SiP, 24
Table 7.0 (cont*d)
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P^^max F22^1^ L Max F Max SWO
so^ 1,2,5 1,2,5,7,28 1,2,5 5 5,28
1,2,5,4 1,2,5,4,28,26 1 ,2 ,5 ,4 3,4 5,28
H^O 5,2,4 2,5,4,28,26 2,5,4 3,4 5,28
HgS 2,5 2,5,28 2,5 5 5,28
HgSe 2,5 2,5 2,5 5 5OIO2 2,5 2,5,7 2,5 5 5D , 0 2 28,26 2 28
DgS 2 2
DpSe 2 2
NH5 2,5 5,28 5 5 5,28HD,z? 2 28 28PH5 2,5 5,28 5 5 5,28
H>5 2 28 28
AsH, 2,5 5 5 5 5AsD^ 2
28,26 28
SbH^ 2,5 5 5 5 5BbD% 2
5,7,28 28
5,28 28
- ^ s 70% 24 7,24,28 24 28SiH^ 7,28 28SnH„4" 7NOF 25 25 25 2 5 ,9HOOl 25 25 25 2 5 ,9NOBr 2 5 . 25 25 2 5 ,9OELP0 25 25 ,25 25 25 2 5,9 ,2 2OBLGl 25 25 25 2 5,9 .0%Br 25 25 25 25,9,220% I 25 25 25 2 5,9 ,2 2
G e % 7.OsO^ 7,28 28
24 24 24
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AGFF (Tables 6=1 - 6 .3 ), it is worth making some general 
observations about the reliability of the HGPFs,
a) Without any detailed calculations, it is apparent 
from a study of Tables 6.1 and 6,2 that, as expected 
from , the accuracy of the data employed, the force fields 
for XYg molecules are the most precisely defined. The force 
fields for molecules and the E species block of XY^ 
molecules,are less well determined by about an order of 
magnitude, while the A species force fields of XY^ molecules 
are the least accurate, again by another order of magnitude.
Clearly, both the size and asymmetry of the errors on the 
A species force constants raise some doubts as to whether 
any comparison work carried out using them can have any 
validity. Unfortunately, it is not possible to study 
conventional approximate force fields of XY^ using only the 
E species force constants, since all four frequencies are 
required to define the force field. Consequently, comparisons 
of approximate force fields with A species force constants 
will be carried out, but the results will be used only to 
confirm any conclusions already reached in the investigation 
of XYg and XY^ molecules,
b) Use of very accurate harmonic frequencies alone (XY2 
molecules), yields force fields which are as well defined as 
those derived using accurate harmonic frequencies and 
Ooriolis data (0%), However, a different picture emerges, 
if the errors in frequency are of the order of 2 — ,5 bm*"^ , 
as they are with the XY^ molecules. In these cases, 
frequencies alone are virtually ineffective in fixing the 
force field (A species), whereas frequencies of the same 
accuracy, together with Ooriolis data, constrains the force 
field within very acceptable limits (E species). These 
conclusions are in agreement with those reached in section 
2.1.2.
o) Even for the most accurate force fields, the errors
in the interaction force constants are an order of 
magnitude larger than those in the diagonal force constants. 
In many cases (e.g. 8iF^, XH^ X « P, As, 8b), this means , 
that the sign of the interaction constant is indeterminate, 
while the absolute magnitude of the error is comparable 
with the force constant itself. There is little point in 
seeking a good approximation to such an ill-defined quantity
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and consequently, in this study, any information about these 
constants will be provided only for the sake of 
completeness.
d) In principle, the force field should be independent 
of the weighting of data used in its calculation, if such 
data has been accurately corrected.for the effects of 
anharmonicity (43,274). Conversely, the extent to which the 
force field changes, when the weighting of data is altered, 
must indicate hovf successful the correction for anharmonicity 
has been. This is illustrated by Table 7,1, which gives 
the percentage change in each force constant 
resulting from a change in the weighting matrix W from 1/1^  
to 1/9\^ , for both harmonic and anharmonic frequencies.
Where only frequencies have been used to calculate 
the force field ( X I2 A species) A W ^  is a direct
measure of the accuracy of the harmonic frequencies. As 
expected, Table 7^1 shows that XT^ frequecies are the more 
accurate^ but, apart from ammonia, it seems that the 
correction of the XY^ frequencies for anharmonicity has 
been surprisingly successful.
When Ooriolis data has been used in addition to the 
frequencies (XY^ E species and XY^) the same arguments do 
not apply, since the Ooriolis constants cannot be corrected 
for anharmonicity, However, some diminution would be 
expected, as one moves from anharmonic to harmonig 
frequencies, as indeed is the case with SiH^, OH^, S i %  and 
0%. Uhfortunately, there seems to be no satisfactory 
explanation for the anomalous behaviour of the XY^ E species 
force fields.
For most molecules, the HGFF depends upon the weighting 
of data, and consequently the choice of the *correot* force 
field depends on the subjective assessment of the merits of 
the two weighting options. The present investigation 
employs the HGFF derived using W « 1/'^  .
7*2.2 Relationship between the HGFF and the AGFF
A convenient quantity which can be used to investigate 
the relationship between the AGFF and the HGFF is ;
A F = 100 (E? -
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Zable 7.1 i She Change in the GEE due to the Change p 
in Weighting Option AW. = 100(E. _  'l/'X j
^ I T T
Harmonic Anharmonic
XY^ ^11 ^12 ^22 ^11 ^12. ^22
HgO —0.0 -5.5 —0.1 -5.2 1 4 5 .4 5.7H^S 0.0 0.0 0.0 -7.5 86.5 21.0
H^Se 0.0 0.0 0.0 -1.8 21.9 5.9NOg —0 .7 -5.8 0.3 1.1 9.4 -0.3SOg 0.0 0.2 0.0 —0.7 -29.6 0.4
OIO2 —0.9 -74.1 0.6 2.5 -291.5 -1.0
XY^ A 
NE.
PH^
species
9*4 -99,1 -100.8 2.5 508.9 -104.2
0,7 M O B . 3 -1.9 96.2 65.3 2 5 .7AsH^ 1.9 -5 0 2 .9 -7.4 -15 .1 11 2 .7 38.18bE.:) -0.6 9,4 -1.5 -55.4 57.2 60.7NFy0 0.6 0.9 -0.5 1.2 2.0 ™i *1
^33 ^34 ^44 ^55 ^34 ^44XÏJ E species
IIH3 0.0 —0.4 0.0 0.0 -0 .5 0.0
PHj 0.0 —1 *7 0.0 0.0 —4.0 0,0
Asll,0 10.5 -26.7 14.4 0,0 0.0 0.0SbH, 1 5 .2 9.7 -21.1 0.0 0.0 0.0HE,? —0.1 -0.6 0.2 0.0 0.0 0.0
SiH^ —0.2 -4 7 .0 -1.5 —0.2 -56.5 -1.7GeH^ 0,0 46,0 1.4 0,0 5 1 .2 1.0
-0.6 -51.8 -2.4 —1.0 -65.7 -5.7
-11.5 -272 .3 5.5 -12.8 -581.7 4,0-11.4 -26.1 5.1 -11.6 -2 5 .8 5.6
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where • are the harmonic force constants (W = 1/^ ) 
f 4 are the anharmonic force constants 
i can be 11,12,22,55,54,44
Values of AF are given in Tables 7,2 - 7*4, whilst plots 
of A F against the Product Rule deviation D (section 4*2o3) 
are to be found in Figures 7.1 - 7.6*
,It seems reasonable to expect a correlation between A F  & 
D , since both result from the deviation of the observed 
frequencies from the harmonic frequencies. That such a 
correlation is only apparent for F^^ (W = 1/9\ ) Figure 7*1 
and F^^ (W = 1/%^) Figure 7.4, cannot be attributed solely 
to the uncertainty in the values of D (section 4.2.3). The 
main reason is that, for many of the points, the Product 
Rule relates to two vibrations belonging.to the same 
symmetry species. In these circumstances, D.is a measure of 
the total anharmonicity in both frequencies, whose 
distribution depends upon the form of the normal vibrations. 
Furthermore, the form of the normal modes also determines 
the manner in which the anharmonicity of the vibrations 
affects A F  . Consequently, for n=2 block vibrations, it 
is not surprising that D and A  F do not correlate, since 
the expression relating the two must be determined by the 
form of the normal modes, which is peculiar to each 
molecule. When there is only one vibration per,symmetry 
species, however, these arguments do not apply, and there 
is indeed,a good correlation between D and AF (Figures 
7.7 and 7.8).
Before considering.the possibility of using these results 
to estimate the HGFF, from a knowledge of the AGFF, it 
would be helpful to have a rough indication of the order of 
A F , which may be expected for most molecules. This may be 
obtained by calculating
a
AE a J d
where a is the number of molecules in a given molecular type
The values of (3^^ obtained (Table 7*5) do not have the 
statistical significance.usually associated with standard 
deviations. Nevertheless, in the sense that the molecules
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Table ?.2 s A  F values for XY^ Molecules, together
with Product Rule Deviations D
HgO
% S
H S^e
NOg
80p
OlOU
D 4--
8.8 1.2950
7.0 1.1248
7.1 1.1195
6.1 -0.0997
2.8 0.0225
4.0 -0.0551
D
W = 1/1)
F1I F^2 ^22
w = 
^11
1/ f
Fi2 Fg2
HgO 2.2711 12.1 -177.8 0,8 8.6 79.3 6.9HgS 1.8584 1 5 .9 -110.5 •-18.0 7.8 -178.1 5.9
HgSe 1.7957 11.8 -15 4 .7 -10 .7 9.2 —149 .0 -3.2
NO 0.1565 0.4 -40.5 4.2 1.5 -34 .1 3.9
80g 0.1211 5.8 140.5 2.9 5.0 85.4 3.3OlOg 0.1927 1.2 -67.9 3.1 3.5 —18, 2 2.1
Table 7.3 : A F  values for XYy Molecules, together
D
with Product Rule Devia
w « 1/7)
F11 F,^ g Fgg
tions D
w « i/9\^  
^11 ^12 -^22
HHj 4.8647 11.0 -565.1 4 3 .9 1 3 .9 -35.2 -2 9 .5PH^ 2.6929 20.8 -87.4 -20.5 1 1 .2 -62.5 4 .5
Ab% 2 .7005 2 5 .7 -95.3 -5 0 .0 7o4 -153.0 1 3 .2
SbH. 1,8485 7 0 .4 -145.3 -60.3 11.1 -205 .7 0,9
NEj 0 .1 504 4.0 6.8 5.4 5 .3 9.0 4.5
D ^33 ^34 ^44 ^33 ^34 ^44
NHj 1.9607 7.4 16.3 7.4 7.4 15.7 7.4P£LP 2.5457 9.8 1 3 2 .0 5.3 9.8 123 .1 5.3A s % 1.4955 8.5 -4 7 5 .0 1.7 8.5 -4 7 5 .0 1.7S b % 1.7861 7.3 82.4 3.5 7.3 82,4 3.5
NF_2 -0.2420 1.1 2.1 12.1 1.1 2,1 12.1
Table 7.4 ; A F  values for Molecules, together
with Product Rule Deviations D
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W = 1 /3 W = -l/Ty^
D U| D)3g F11 ^22 1^1 2^2
SiHi,. 1.0928 -0.3565 6.9 2.1 6.9 2.1
GeH^ 1.0869 0.4556 6.9 2.9 6 .9 2.90% 2.1221 0.6105 14.1 4.3 14.1 4.3
W = ' w = 1/9^2
D ^33 F.34 ^44 ^33 ^ 3 4, ^44
1 ,5075 10.6 8.7 4.4 10,4 -3,0.6 2.6
GeH^ 1.4371 6.7 7.5 6.1 6.7 56.3 7.2
0 % 1.5951 7.8 8.7 7,6 6,6 -3 4 .5 1.70.0116 1.9 3.2 6.6 -9,7 -7 4 .8 1 0 .32%1F^ 0.0101 3.7 71.1 5.0 —8.1 —71*4 10.6
0.0217 2.4 15.0 6.2 -9.2 -73.8 10.3OF^ ."0.2983 1.1 1.3 2.1 -9.4 -19.5 6.0
Zable 7 .5 : Values for XYg, XY^ and XT. Molecules
XYg XY_D XY^ Allw = ■\/'\
9.9 3 4 ,9 9.9 21.2
2^.2 8.9 37.2 3.2 21.55^3 7 .4 5 .7 ( , ' l î4^4 7.0 5,6 6.3w = i/;\'2
^11 6.6 1 0 .2 9.9 8.9Fgg 4.2 14.7 3.2 8.8
3^3 7 .4 8.5 8t9' 7'GZ4^4 7,0 6.4 6.7
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Figure 7®1 : Flot of D against A F^ yj (W = 1/(\)
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Figure 7*2 : Plot of D against AF^g (W = 1/^)
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Pigin?e 7o6 s Plot of D against AP^g (W « 1//\^ )
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figure 7o? : Plot of Ï) against 4 %Yp and of XY,
Figure 7 08 : Plot of D against A P 02
A p 22
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dealt with were selected at random, as far as is
concerned, the values do provide a good guide to the
range within which AP will generally be found# Again,
these results support earlier work (43), which concluded
that the AGPP most closely resembles the HGPP when the dataois weighted according to W = 1/^^,
7,2.3 Estimation of the HGPP
When only observed frequencies are available, the HGPP 
cannot be.calculated directly. However, if AP can be 
estimated, then the harmonic force constants P? can be 
determined approximately by applying a correction to the 
enharmonic force constants p4 s
S’? = s4(i + As'y-100)
In cases where S’? is derived from an n=i block vibration, 
the accuracy of A P  determined from Pigure 7®7 7®8
depends largely on the error in D. In favourable cases
(see section 4,2.3) the estimated value of the harmonic 
force constant could be within about 'ifo of the correct 
value o
Por force constants belonging to n=2 symmetry blocks, 
however, only a very crude estimate of A P  is available, 
based on the AGPP (Vi/ = 1/^^) ;
(i) Pigure 7,4 provides a method of determining AP^ |^
or AP^^ assuming D can be calculated accurately| in these 
cases the error on the estimated harmonic force constants 
would be of the order of + 3/%o
(ii) A P ^2 AP^ /|_ show zero correlation with D (Figures
7«2 and 7*5) so there is no possibility of estimating their 
value, even if it were thought to be desirable.
(iii) Values of A P 22 between 0 - 1 0
independently of D (Figure 7*6). By using APg2 or A P ^
Hequals 3,for all molecules, an estimate of P^ can be 
obtained, which is accurate to + 3^,
The only justification for using such crude empirical 
corrections, is that no other methods are available for the 
determination of the HGPP, The method just outlined depends
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upon the calculation of an accurate value for the 
experimental Product Rule ratio. Consequently, it is only 
feasible when parent and isotopic frequencies are available. 
In these circumstances, a much more reliable route to the 
HGPP is. to correct the frequencies for anharmonicity using 
Dennison*s anharmonicity correction (a) - see section 4.2.2 
- followed by the calculation of the force field using 
these harmonic frequencies.
7.3 Comparison of the HA.PP with the HGPP
Ihe basis of the comparison of the HAPP with the HGPP is 
the percentage force field deviation, D^^, as defined by 
equation 1,22. In principle, each approximate force field 
can be characterised by one number - its D^^ value. 
Unfortunately, the interaction force constants are so ill- 
defined that their contributions to D^^ render it 
meaningless. Consequently, each force field is assessed 
more satisfactorily by calculating two quantities: one 
containing contributions from diagonal elements only (D^^), 
and the other measuring the difference between the
interaction force constants, in absolute terms.
Prom what has been said previously (section 7,2.1), is
by far the more important of the two, Aq an indication of 
the value of D^ ^^  for several molecules, the quantity 
is computed :
where a is the number of molecules under consideration and the summation extends over all a molecules,
Ihus, the accuracy with which an approximate l'once field 
can reproduce the HGPP for a group of molecules, is 
measured by its (3^^^ value ; the smaller it is, the better
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Cable 7*6 : 6  ^ a n d  Values for All Molecules
^ 2 XY,3
(5 0&^Dff ®Sff
1 10.04* 8.74+ 0.913* 0.800+ 14.64* 17.39
2 0.34 2.66 0,094 0.309 4.37 11,47
3 0.33 0.70 0.211 0.202 4.54 5.18
4 0.33 0,71 0.183 ■0.188 4.54 5.17
5. 0,33 0.71 0.183 0.188 4.34 5.17
6 3,14 31.65 0.383 2,252 3,58
7 0.43 1.35 0.160 0,245 4.54 9.69
8 0,68 10.63 0.137 1.318 4.30 22.84
9 4.04 36.80 0.438 1.905 6.3510 0.40 1.40 0.077 0.190 4.33
11 0.43 1.38 0.210 0.237 4.52 4.43
12 0,36 3.96 0.084 0.929 4.57 14,68
13 2.43 17.16 0.104 1.687 6.79 30.25
14 0.49 41.83 0.263 2.324 4.64 20,29
1.3 0,86 14.33 0.211 0.319 3.63
16 0 • 86 9.20 0.211 0.319 4.45
17 0.86 7.00 0.211 0.319 6.09
18 21.30 24.29 0.199 0,668 3.39
19 12.27 18.07 0.333 0.997 3,4220 16.00 18.93 0.873 1.431 3.56
21 0.33 3.88 0.297 0.375 5.2322 0,36 3.83 0.296 0.581 5.23
23 0.37 3.66 0.290 0.376 6.92
24 1.11 10.06 0.140 0.448 4.55
23 1.09 10,06 0.138 0.447 4.5526 1.03 10,05 0,133 0.447 4,55
27 0.43 2.74 0.211 0.319 30.02 31.2728 0.43 2.74 0.211 0,319 17.55 22.65
29 0,43 2.74 0.211 0.319 16,11 22.46
30 5.87
51 5.8332 5.68
33 3.6334 4.65
33 6.14
Calculated from hydrogen containing moleculesJ only
^ Calculated from all molecules.
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(Table 7*6 (cont*d)
X?4
6 ^od
1 0.796* 0.888+ 9.09* 7.05+ 0.599* 0.457'
2 0.243 0.575 0 .5 4 11.40 0.069 0.996
5 0,344 0,363 0.85 1.66 0.198 0.169
4 0.324 0.348 0.81 1.65 0.160 0.146
5 0.324 0.348 0.81 1.65 0.160 0.146
6 0,287 11 .05 0.584
7 0.306 0 .4 5 9 0.73 3.26 0 .1 2 7 0.236
8 0.259 1 .1 59 2.78 37.71 0.246 0 .236
9 0.324 17.16 0 .7 0 2
10 0.324 0.81 0,166
11 0.344 0 .347 0.84 1.06 0 .195 0 .1 5 4
12 0.235 0.875 1.11 21.77 0.121 1.613
13 0.292 1 .347 7 .0 3 49.16 0.463 2.682
14 0.395 0.880 2.11 62.23 0.335 2 .902
15 0.344 4.64 18.64 0 .1 9 9 0 .4 7016 0.344 4.65 14.91 0 .1 9 9 0 .4 7 0
17 0.344 4.80 13.08 0 .1 9 9 0 .4 70
18 0.529 3 .7 7 8 .7 2 0.262 0 .7 79
19 0.535 3.77 8 .7 2 0.261 0 .7 9 420 0.536 3.77 8 .7 2 0.268 0 .7 9 021 0 .270 4.42 10.85 0 .3 1 9 0.26?22 0 .270 4.40 10.69 0.311 0.265
23 0 .270 4.56 9,66 0 .3 1 2 0.286
24 0 .3 4 4 0.80 0.199 0 .4 70
25 0 .3 44 0.80 0 .1 9 9 0 ,4 7026 0 .344 0.80 0.199 0 .4 7 0
27 0 .233 0.739 4.21 10 .54 0.114 0 .1 3928 0.324 0 .7 5 0 4 .2 5 10.44 0.114 0.138
29 0.535 O .817 4.49 9.61 0 .113 0 .12730 0 .3 0 4 0.78 1.64 0 .1 2 9 0 .125
51 0 .300 0.76 1.57 0.129 0 .1 2 732 0.295 0.81 1 .51 0.128 0 .1 2 5
33 0.338 4 .2 3 7 .3 2 0 .1 3 2 0.102
34 0 .3 4 4 4 .3 2 7 .2 5 0 .1 35 0.143
35 0.528 4.65 6.57 0.148 0 .19036 1.00 1.61 0 .133 0 ,13537 1.01 1.68 0 .1 3 4 0 .1 3538 0.99 1.61 0 .1 3 4 0 .136
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fable 7*7 * The Best fen HAPFs for each Molecular fype.
^Dff m m n  od ^Bff HAPP
^ 2
1 0.70 3 0.188 4
.2 0.71 4 0.188 5
3 0.71 5 0.190 10
4 1.38 11 0.202 3
5 1.40 10 0.245 76 1.55 7 0.257 11
7 2.66 2 0.319 158 2.74 27 0.319 16
9 2.74 28 0.319 1710 2.74 29 0.319 27
X ly3
1 4.43 11 0.347 11
2 • 5.17 4 0.348 4
3 5.17 5 0.348 5
4 5.18 3 0.363 3
5 9,69 7 0.459 76 11.47 2 0.575 2
7 14.68 12 0.739 27
8 17.39 1 0.750 28
9 20,29 14 0.817 29
10 22.46 29 0.875 12
1 1.06 11 0.102 33
2 1.51 32 0.125 32
3 1.57 31 0.125 30
4 1.61 36 0.127 31
5 1.61 38 0.127 29
6 1.64 30 0.135 36
7 1.65 4 0.135 378 1.65 5 0.136 38
9 1.66 3 0.138 28
10 1.68 37 0.139 27
175
the force field, fhe values for- all force fields
calculated, for each molecular type, are given in fable 7*6, 
Por interest, the values determined from hydrogen
containing molecules only are also included.
Perusal of these results shows quite clearly that although 
many force fields provide a good approximation to the HGPP 
\-dien applied to hydrogen containing molecules, very few,can 
be extended with equal success to all molecules. Indeed, 
some, approximations (6 and 9) cannot produce a force field 
for the heavier molecules, while others (most conventional 
force fields) produce force fields of the opposite 
assignment for NP^, It is probably true that in this latter 
case, the difficulties are due more to the peculiarities 
of the molecule than to those of the force field.
Nevertheless this must still be regarded as a disadvantage 
of using these types of force fields.
fhe ten most successful approximate force fields are given 
in lable 7*7, in ascending order of for each of the
three molecular types. It can be seen quickly from this 
arrangement of data that a few force fields give consistently 
good approximations to the HGPP, This is confirmed by 
Table 7,8, which contains the five best force fields, 
together with values calculated from all thirty three
molecules.studied.
Clearly, the SWG (section 5,5,3(a)) and NS type (sections 
3,3,3(b) and 3,3,1(v)) approximations are superior, by a 
significant margin, to all other force fields, in reproducing 
the HGPP..
However, it is worth noting that where the Urey-Bradley 
field can be used in its most refined form (%Y^ P, K, H and 
k), it too provides a good appro3cimation to the HGPP, 
although not better than Padini*s 8WO method* Whether this 
is due to the greater flexibility inherent in the more 
sophisticated model, or whether the constraints imposed by 
the model happen to suit the molecular geometry, is impossible 
to say, without further study of larger molecules.
Table 7*8 : The Pive Best HAPPs for All Molecules
176
^  a^ Dff HAPP Ref.
1 2.63 11 SWC 5.3,1
2 3,03 4 NSCP^^Pgg) 5.3.2(d)
5 PP 5.3.2(e)
3 3.04 3 NS CPull) 5.3.2(c)
4 5.73 7 ^22min 5.3.2(f)5 9.26 2 EE max 5.3.2(b)god^Dff HAPP Ref,
1 0.238 4 NS(P P ) 5.3.2(d)
5 PP 5.3.2(e)
2 0.254 3 NS (Pull) 5.3.2(c)
3 0.262 111 SV/0 5.3.1
4 0.323 7 ^22mill 5.3.2(f)5 0.725 2 EE max 5.3.2(b)
Table 7.9 The( Six :Best AAPPs1 for All Molecules
^DP11 PP* ^DP22 PP 6DP33 ^DP44 PP
1 7.75 4,5 10,18 1 7.33 11 6.28 11
2 7.7.8 3 15.82 12 7.44 4,5 7.32 3.
3 8.16 11 16.44 2 7.56 3 7.42 4,5
4 9.11 7 16.51 11 8.69 7 8.88 7
5 9.43_ 2 16.70 3 14.46 2 9.92 2
6 11.66 12 16.72 4,5 17.14 12 19.36 12
Por Key to the force field see P ■110
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7#4 Comparison of the AAPP with the HGPP
The techniques of comparison used in both this.and the 
previous section are basically the same. However^ because 
the deviations of the A AFP from the HGPP are so largej it 
was thought advisable to treat each diagonal force constant 
separately5 • and ignore the interaction force constant. 
Consequently, each force field for a particular molecule 
is chanacterised by three or four QCY^, ^Pii
values, defined by;
Dgii “ "100
where P?.are the HGPP constants11
^ii the AAPP constants 
i can be 1,2,5,4,
Note that as defined, has sign as well as magnitude,
A thorough study of these values has revealed no pattern 
in any of the force constants, for any group of molecules, 
which was consistent enough to form the basis of an 
approximate method for estimating the HGPP* Qonsequently, 
^DPii ’^^Yues have been calculated as before, and the six 
force fields, which give the lowest for each force
constants(calculated for all 33 molecules) are given in 
Table 7*9. As expected, the SWC and NS type approximations 
are again superior to other approximate fields, but by a 
smaller margin* However, although the.CY^p^^ of these force 
fields are, with the exception,of Pgg, lower than the 
values of the AGPP (Table 7*5), they are too large for 
the force fields to.be regarded as good approximations to 
the HGPP* As before, it seems that correction after the 
force field has been calculated, is no substitute for the 
correction of the frequencies for anharmonicity*
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7*5 Conclusions
The questions raised in Section 1*4 hâve,been answered in 
detail in the last three sections. However, it is worth 
discussing here the implications of the results of this 
investigation for future work.
The ultimate aim of force field calculations is the 
determination of accurate general harmonic force fields, for 
which there are two important prerequisites:
(i) accurate harmonic frequencies
(ii) extra data
This study shows that when accurate harmonic frequencies are 
available, the error in the diagonal force constant arising 
from the use of the best approximate force field, instead of 
extra data, is of the order of 50# On the other hand, the 
error introduced by the use of observed, instead of harmonic 
frequencies, is rarely comparable with this figure, and is 
frequently two or three times as large. Olearly, the 
unavailability of harmonic frequencies is a larger source of 
error in the calculation of the HGPP than is. the use of 
approximate force fields* It was for this reason that 
Sections 7*2,5 and 7*4 investigated the possibility of 
calculating the HGPP from observed frequencies, thus 
avoiding the necessity of correcting for anharmonicity. The 
results indicate that this approach is impracticable. 
Consequently, an improvement in the accuracy of the HGPP 
can be brought about most effectively by the use of more 
accurate harmonic frequencies. Thus, future work should be 
directed towards improving the methods available for 
calculating harmonic frequencies, rather than concentrating 
on the development of more approximate force fields,
Unfortunately, such confusions must have limited validity, 
since they are based upon the investigation of a restricted 
number of molecules. It is therefore desirable to extend 
this type of study to include not only a greater number of 
molecules, but also a wider variety of molecular types. This
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would naturally entail the investigation of n-5 foroe fields, 
and more complex geometries than simple XY^ molecules (e.g. 
ethane and ethyne), which would present a greater challenge 
to the flexibility of the approximate force fields.
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